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The goal of these studies was t o  elucidate the s t ructural  features of coals which 
a re  believed t o  be important in conversion processes. Of special i n t e re s t  are the  
nature of the hydroaromatic groups and the  bridging groups between aromatic 
moieties, because of t h e i r  ro les  in  thermal cleavage and depolymerization processes 
and the  hydrogen shut t l ing  which occurs during the  depolymerization and 
s tab i l iza t ion  o f  cleavage products. The f i r s t  objective was the development of new 
methods for  the i so la t ion  or so lubi l iza t ion  of the a l ipha t ic  groups in the coa l ,  
which may then be related t o  these hydroaromatic systems and bridging groups. We 
have successfully used ruthenium tetroxide in a two phase solvent system w i t h  a 
phase t ransfer  ca ta lys t  t o  s e l ec t ive ly  oxidize the  aromatic groups (1). Stock has 
used ruthenium te t roxide  in the  presence of ace ton i t r i l e  t o  oxidize a Texas l i g n i t e  
and I l l i n o i s  No. 6 coal (2.3). These procedures are a more viable a l t e rna t ive  t h a n  
t he  use of t r i f luoroperace t ic  acid which was used in e a r l i e r  studies by Oeno ( 4 )  and 
whose d i f f i c u l t i e s  have been pointed out ( 1 , 2 ) .  

The oxidation of a North Dakota l i g n i t e  with ruthenium te t roxide  with the phase 
t ransfer  ca ta lys t  proceeded rapidly a t  ambient temperature giving carbon dioxide and 
carboxylic acid products which were converted t o  methyl e s t e r s  by diazomethane f o r  
qua l i ta t ive  analysis using GC and GC/MS. A very complex mixture of a l ipha t ic  mono 
and polycarboxylic acids and aromatic polycarboxylic acids was formed in the  
reaction. In contrast  t o  t h e  t r i f luoroperace t ic  acid s tud ies ,  no 
oxiranepolycarboxylic acids were found. Keto acids were also found to  be absent. 
An ion t r a p  mass spectrometer was found to  be useful in these analyses s ince  a n  M + l  
peak was found f o r  many of the es t e r s  which normally do n o t  exhibit  any molecular 
ion. 

A major e f fo r t  was expended t o  find a r e l i ab le  and accurate method f o r  the 
quantitative analysis of carboxylic acid products. Loss of dicarboxylic acids and  
e s t e r s  during extraction and conversion t o  methyl e s t e r s  was a major problem. 
Analysis of t he  low molecular weight monoacids was carried o u t  on a calibrated 
capi l la ry  GC using d i r ec t  on-column in jec t ion  of the d i s t i l l e d  reaction products. 
High pressure l iquid chromotogrphaphy of the  diacids d i r ec t ly  on a n  Aminex HP87H 
resin was unsuccessful due t o  interferences between a l ipha t ic  and aromatic acids,  
even t h o u g h  sa t i s fac tory  resolution of the a l ipha t ic  diacids was obtained using two 
columns in  ser ies  ( 5 ) .  Ion exchange chromatography b o t h  as a cleanup for  the Aminex 
resin and analytical  separations by i t s e l f  was a lso unsuccessful. A ca l ibra ted  GC 
method using an internal standard added t o  the  acid mixture before cleanup and 
methylation also fa i led  t o  give reproducible r e su l t s ,  especially fo r  t h e  aromatic 
polycarboxylic acids. Finally,  several deuterated acid standards were prepared or 
purchased so t h a t  isotope d i lu t ion  methods using quadrupole GC/MS analysis of he 
methyl es ters  could be carried out. Calibration curves were highly l i n e a r  (ri = 
0.99) over a wide range. A ser ies  of r epe t i t i ve  oxidations on the  same Beulah 
l i g n i t e  sample gave highly consistent r e su l t s ,  especially f o r  the  adipic and 
phthalic acids which were labe l led  with four deuterium. The average deviations 
Here in the  second decimal place and thus are no more l imiting t h a n  the proximate 
analysis data. 

In order t o  in te rpre t  the data,  a number of model compounds have  been oxidized 
using the  rutheniun te t roxide  with a phase-transfer ca ta lys t .  Some o f  these data 
were reported previously (1). Basically alkyl substi tuents are converted in very 
high yield t o  the monocaboxylic acids.  Hydroaromatics give a mixture of  products 
consisting of the a-ketone, the diacid which maintains the  same number of methylene 
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carbons as i n  t h e  hydroaromatic r i ng ,  and smal ler  amounts o f  t h e  d i a c i d  
corresponding t o  l o s s  o f  one methylene group. Stock obtained l e s s  o f  t h e  ketone and 
more o f  t h e  l a r g e r  d iac id .  One-carbon methylene bridges are ox id ized t o  ketones o r  
ca rboxy l i c  a c i d  groups, but t h e  a r y l a c e t i c  ac id  may be i s o l a t e d  i n  good y i e l d .  
Malonic ac id  which would have resu l ted  fran ox ida t i on  o f  t he  second benzene r i n g  i s  
n o t  found. Unfor tunate ly  it i s  not s tab le  i n  t h e  o x i d i z i n g  system, i n  con t ras t  t o  
o the r  ca rboxy l i c  acids. Oimethylmalonic ac id  was i s o l a t e d  as a product frm 2,2- 
diphenylpropane. Thus i t  probably not  poss ib le  t o  determine one-carbon br idges i n  
t h e  s t ruc tu re  us ing t h i s  reagent, unless they are quaternary. Two carbon methylene 
br idges gave succ in i c  a c i d  and hydrocinnamic acid. 9,lO-Oi hydrophenanthrene, 
however, gave succ in i c  and diphenic acid, t h e  major product from phenanthrene. 
Ph tha l i c  and o the r  aromatic po lycarboxy l ic  ac ids a re  products from var ious 
polynuc 1 ear  aromatic systems. 

The e f f e c t  t h a t  oxygens i n  t h e  s t r u c t u r e  o f  hydroaromatics exe r t  on the  product 
y i e l d  was s tud ied because o f  t h e  prevalence o f  hydroxy l -subst i tu ted hydroaromatics 
i n  t h e  d e v o l a t i l i z a t i o n  products o f  l i g n i t e s .  Oxidat ion o f  6 -hyd roxy te t ra l i n  w i t h  
RuO4 gave no ketone and more degradation t o  g l u t a r i c  and succ in i c  than t h a t  which 
occurred i n  t h e  o x i d a t i o n  of t e t r a l i n .  6-Methoxytet ra l in  behaved s i m i l a r l y .  
5,6,7,8-Tetrahydronaphthoquinone gave a considerable amount o f  succ in i c  ac id  i n  
add i t i on  t o  t h e  ad ip i c .  1-Tetralone gave no react ion,  however 2 - te t ra lone  was 
ox id ized t o  succ in i c  acid. 

A canparison o f  t h ree  ox ida t i on  methods, t he  ruthenium t e t r o x i d e  w i t h  phase 
t r a n s f e r  c a t a l y s t ,  t h e  ruthenium t e t r o x i d e  w i t h  a c e t o n i t r i l e  and t h e  
t r i f l u o r o p e r a c e t i c  ac id ,  was c a r r i e d  out on t h e  same sample o f  Beulah l i g n i t e .  
There was no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  amounts o f  ac id  products between t h e  two 
ruthenium t e t r o x i d e  methods (Table 1) .  Thus whatever d i f f e rences  e x i s t  between 
these reagents i n  t h e i r  reac t i ons  w i t h  model compounds, no d i f f e rences  are apparent 
i n  the  products from l i g n i t e  ox idat ion.  This may be a r e f l e c t i o n  o f  t h e  more 
complete ox ida t i on  expected f o r  hydroxyaromatics a t  t h e  ends o f  t h e  a l i p h a t i c  
b r i d g i n g  groups and f o r  hydroxyhydroaromatic groups o r  perhaps the  absence o f  
t e t r a l i n  groups i n  t h e  coal s t ructure.  No evidence f o r  a t e t r a l o n e  t ype  o f  
s t r u c t u r e  i n  the  products  o f  ox ida t i on  has been found. The lower y i e l d s  o f  
a l i p h a t i c  acids found when t h e  Oeno ox ida t i on  w i t h  t r i f l u o r o p e r a c e t i c  a c i d  was used 
r e f l e c t  t h e  same problems encountered w i t h  model compound ox ida t i ons  w i t h  t h i s  
reagent. 

Table 1. Comparison o f  Oxidat ion Methods on Same Beulah L i g n i t e  Sample 

BT - PH - PT - A0 - GL - su - Method 

RuO~/PTC 3.04 0.49 0.14 0.55 0.05 0.67 

R U O ~ K H ~ C N  2.93 0.57 0.14 0.49 0.08 1.01 

CF3C03H 0.93 0.30 0.09 0.14 0.02 2.25 

A number of low-rank coals  were ox id ized f o r  comparison purposes. Values f o r  
t h e  amounts of s i x  ca rboxy l i c  ac id  products which were determined us ing t h e  isotope 
d i l u t i o n  method are repor ted i n  Table 2. The amounts o f  t h e  s i x  acids i n  the 
ox ida t i on  products genera l l y  increase w i th  coal rank o r  % C. There i s  a l i t t l e  
v a r i a t i o n  i n  t h e  t h r e e  Nor th Dakota l i g n i t e s  (Beulah, Gascoyne and Velva), which 
have about 71% C. There i s  a greater  v a r i a t i o n  i n  ac ids f r o m  t h e  Texas l i g n i t e s  
(San Miguel - 67% C and M a r t i n  Lake - 73% C) and t h e  subbituminous coals (Wyodak - 
73% C and Decker - 76% C ) .  This t rend  i s  cons is tent  w i t h  t h e  hypothesis t h a t  t he  
western subbituminous coals  have a h igher  a lga l  l i p i d - d e r i v e d  a l i p h a t i c  component 
than  t h e  l i g n i t e s .  A Pi t t sbu rgh  bituminous coal was a l so  ox id ized and found t o  have 
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a much lower a i i p h a t i c  ac id  content, b u t  h igher  aromatic ac id  content, cons is tent  
w i t h  t h e  hypothesis t h a t  i t  has been aromatized t o  a greater  extent  than t h e  
subbituminous coals. It was not poss ib le  t o  f i n d  a c o r r e l a t i o n  between these data 
i n  Table 2 and corresponding published tub ing  bomb l i q u e f a c t i o n  data f o r  these coa ls  
(6). 

Table 2. Results o f  Coal Oxidations w i t h  RuO4 ( %  maf Basis) 

Beulah 2.38 0.59 0.11 0.70 0.07 1.53 
Gascoyne 2.58 0.56 0.13 0.62 0.07 1.60 
Vel va 2.71 0.56 0.16 0.73 0.05 1.37 
Mar t i n  Lake 2.50 0.96 0.27 0.76 0.09 1.55 
San Miguel 2.94 0.61 0.12 0.62 0.04 0.73 
Wyodak 3.14 0.89 0.23 0.82 0.08 1.64 
Decker 4.17 1.69 0.30 0.75 0.09 1.66 

A comparison o f  a l l  t h e  major ac id  products f o r  two coals, Beulah l i g n i t e  and 
Wyodak subbituminous i s  given i n  Table 3 and 4. Amounts o f  those ac ids no t  
determined by isotope d i l u t i o n  were obtained by a c a l i b r a t e d  F I D  method. 

Table 3. Oxidation o f  Beulah L i g n i t e  and Wyodak Coal (I o f  maf Coal) 

A l i p h a t i c  Acids 

Succinic* 
2-Methyl succ in ic  
G lu ta r i c *  
2-Methyl g l u t a r i c  
Adi p i c *  
2-Methyladipic 
P imel ic  
Suberic 
Azeleic 
Sebacic 
Octanoic 
Nonanoic 
Laur ic  
M y r i s t i c  
Palmi t i c  
1.2,3-Propanetricarboxyl i c *  
1,2,4-8utanetricarboxyl i c  

Beulah 

2.38 
0.41 
0.59 
0.26 
0.11 
0.07 
0.04 
0.12 
0.04 
0.01 
0.02 
0.00 

<0.01 
0.01 

<0.01 
0.70 
0.31 

Wyodak 

3.74 ~. . 

0.11 
0.89 
0.14 
0.23 
0.15 
0.11 
0.10 
0.12 
0.05 
0.04 
0.00 
0.00 
0.02 
0.02 
0.82 
0.40 

*determined by isotope d i l u t i o n ,  t h e  others by f i d  c a l i b r a t i o n  
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Table 4. Oxidat ion o f  Beulah L i g n i t e  and Wyodak Coal ( %  o f  maf Coal) 

Aromatic Acids Beulah Wyodak 

Ph tha l i c *  
1,2,3-Benzenetricarboxyl i c  
1,2,4-Benzenetricarboxyl i c  
1,3,5-Benzenetricarboxyl i c  
1,2,3,4-Benzenetetracarboxyl i c  
1,2,4,5-Benzenetetracarboxyl i c *  
1,2,3,5-Benzenetetracarboxyl i c  
Benzenepentacarboxyl i c 
Benzenehexacarboxyl i c 

0.07 
0.23 
0.30 
0.01 
1.5 
1.53 
1.5 
1.5 
0.01 

0.08 
0.32 
0.32 
0.01 
1.7 
1.64 
1.7 
1.4 
0.37 

Three l i t h o t y p e s  have been separated from Beulah l i g n i t e  on t h e  bas i s  o f  
phys ica l  p roper t i es  and have been extens ive ly  s tud ied a t  t h e  Un ive rs i t y  o f  North 
Dakota Energy Research Center (7). Oxidat ion o f  t h e  v i t r a i n ,  d u r a i n  and fusa in  
l i t h o t y p e s  gave a w ide r  v a r i a t i o n  i n  t h e  amounts o f  t h e  s i x  ca rboxy l i c  ac ids (Table 
5) t h a n  d id  o x i d a t i o n  o f  many of t h e  samples from d i f f e r e n t  mines (Table 2 ) .  The 
dura in and fusa in  apppear t o  be more aromatized than t h e  v i t r a i n .  The main po in t  i s  
t h a t  a great v a r i a b i l i t y  i s  l i k e l y  t o  be found i n  t h e  samples obtained from one 
mine, depending on t h e  l i t h o t y p e  composit ion, and consequently one should not  
a t tempt  t o  c o r r e l a t e  any data from d i f f e r e n t  experiments unless they are a l l  done 
w i t h  t h e  same sample. 

Table 5. Oxidat ion o f  Beulah L i g n i t e  L i thotypes w i t h  RuO4 

L i t  hotype 

V i t r a i n  
Durain 
Fusain 

BT - PH - PT - AD - GL - su - 
2.41 0.60 0.08 0.58 0.02 0.71 
2.10 0.50 0.12 0.52 0.08 1.38 
1.38 0.33 0.10 0.27 0.15 1.40 

Since t h e  a l i p h a t i c  d iac ids  which are found i n  the  products from ruthenium 
t e t r o x i d e  o x i d a t i o n  may have been der ived from e i t h e r  a hydroaromatic o r  a b r i d g i n g  
group, a number o f  experiments have been attempted t o  try t o  d i s t i n g i u s h  the amount 
of d iac ids  which a re  der ived f r a n  each type o f  precursor. One o f  these experiments 
was a dehydrogenation o f  t h e  l i g n i t e  p r i o r  t o  ox ida t i on  w i t h  ruthenium te t rox ide .  
Water was removed f rom Beulah l i g n i t e  by Dean-Stark d i s t i l l a t i o n  w i t h  xylene under 
n i t rogen  and t h e  l i g n i t e  suspension i n  xy lene was then re f l uxed  w i t h  
dichlorodicyanoquinone. The dehydrogenated coal was then ox id i zed  w i t h  ruthenium 
te t rox ide .  The r e s u l t i n g  ac ids were analyzed (Table 6). The amount o f  succ in ic  
a c i d  decreased s u b s t a n t i a l l y ,  however the  amount o f  ad ip ic  decreased very l i t t l e .  
Th is  r e s u l t  imp l i es  t h a t  about h a l f  o f  t h e  succ in i c  may be der ived from t h e  
hydrophenanthrene o r  d i  hydropyrene type o f  hydroaromatics, whereas about 10% o f  t h e  
a d i p i c  acid may have been der ived from t h e  t e t r a l i n  type o f  hydroaromatics. The 
increase i n  the  amount o f  p h t h a l i c  a c i d  r e s u l t i n g  from ox ida t i on  o f  t h e  
dehydrogenated l i g n i t e  may a l so  be noteworthy. Dehydrogenation o f  
d i  hydrophenathrene o r  d i  hydroanthracene s t ruc tu res  t o  t h e  polynuclear  aromatics may 
e x p l a i n  t h i s  increase i n  p h t h a l i c  aicd. 
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Table 6. Effect of Dehydrogenation on Beulah Lignite 

su 
1.42 

- G L  

0.38 

- PH - AD 

0.12 0.22 

- 

An experiment was carried out t o  determine the extent t o  which the original 
carboxylic acid groups of the coal make up the  acid groups found i n  the products 
obtained a f t e r  oxidation w i t h  the ruthenium tetroxide.  In order t o  label the 
original carboxylic acid groups, a sample of Beulah l i gn i t e  was methylated w i t h  
methyl-d3 iodide using L io t t a ' s  procedure (8) .  T h i s  sample containing the methyl-d3 
labelled e s t e r  groups was subsequently oxidized w i t h  ruthenium te t roxide  and the 
r a t i o  of labelled t o  unlabelled e s t e r  groups determined u s i n g  mass spectrometry. 
The r a t i o  of Mt1 t o  M+4 was determined under CI conditions, s ince  the molecular ions 
a re  not usually present. For the a l ipha t i c  acids,  about 10% of the e s t e r s  were 
labe l led ,  indicating t h a t  10% of t h e  a l ipha t i c  diacid products resu l ted  from 
oxidation of arylalkanoic acids,  such a s  succinic from 3-arylpropanoic acid. 

References: 

1. 

2. 
3. 

4. 
5. 

6. 
7. 

8. 

E.S. Olson and J.W. Diehl, ACS Division of Fuel C h e m .  P repr in ts ,  29(6),  217 
(1984). 
L.M. Stock and K.T. Tse, Fuel, 62, 974 (1983). 
L.M. Stock, K.T. Tse and S.H. Wang, ACS Division of Fuel Chem. Prepr in ts ,  30 (4 ) ,  
493 (1985). 
N.C. Deno, B.A. Greigger and S.G. Stroud, Fuel, 57, 455 (1978). 
E.S. Olson, J.W. Diehl and M. Froehlich, Pit tsburgh Conf. (1985), Abstracts, p 
1074. 
V.I. Stenbera. M.B. Jones and N.J. Suwarnasarn. Fuel. 64. 470 (1985). 
H.H. Schobert; F.R. Karner and E.S. Olson, Int: Chem: Cong. of'Pac.'Basin. SOC., 
Honol ul u ,  Hi , (1984). 
R. L io t ta ,  G.  Brons and J .  Issacs,  Fuel, 62, 781 (1983). 


