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During t h e  e a r l y  s t a g e s  o f  c o a l i f i c a t i o n  t h e  chemical substances i n  t h e  decayed 
organs o f  h igher  p l a n t s  a r e  condensed i n t o  t h e  humic a c i d - l i k e  substances.  
s i c a l  t h e o r i e s  of c o a l  formation do not  show c h a r a c t e r i s t i c s  of  condensat ion 
product formed from t h e  complex mixture  of parent  substances.  These humic a c i d - l i k e  
substances a r e  ill defined subs tances  of  d i v e r s e  o r i g i n  and t h e i r  composition is 
unknown. Although it has  been known f o r  man y e a r s  t h a t  mild o x i d a t i o n  of  bitumi- 
nous c o a l s  y i e l d s  humic a c i d - l i k e  m a t e r i a l ( l 1 .  Reagents such as potassium per- 
manganate, hydrogen peroxide and aqueous n i t r i c  a c i d  have been used i n  t h e  previous 
work(2). The reagent  s e l e c t e d  h e r e  was aqueous performic a c i d  which was generated 
by a r e v e r s i b l e  r e a c t i o n  between anhydrous formic a c i d  and hydrogen peroxide.  The 
mildness of the  c o n d i t i o n s ,  t h e  speed of  r e a c t i o n  and i t s  s i m p l i c i t y  were t h e  fac-  
t o r s  f o r  t h e  reagent  s e l e c t i o n .  

Clas- 

I n  t h i s  paper r e s u l t s  a r e  presented  on humic a c i d s  which are e x t r a c t e d  from 
t h i r t y - e i g h t  d i f f e r e n t  ox id ized  c o a l s .  C o r r e l a t i o n  equat ions  are developed t o  pre-  
d i c t  the  humic a c i d  y i e l d s  f o r  c o a l s  of  var ious  o r i g i n .  Elemental ana lyses  of  
ox id ized  and parent  c o a l  are compared. E f f o r t s  are made t o  ana lyze  changes i n  t h e  
amount and composition of minera l  m a t t e r  r e s u l t i n g  from t h e  chemical r e a c t i o n .  
Pe t rographic  changes a s  a r e s u l t  o f  o x i d a t i o n  i s  a l s o  s t u d i e d .  NaOH - s o l u b l e  and 
i n s o l u b l e  m a t e r i a l s  a r e  analyzed u s i n g  FTIR. I n f r a r e d  s p e c t r a  of c o a l s ,  humic a c i d s  
and res idues  a r e  i n t e r p r e t e d  and d iscussed .  

EXPERIMENTAL PROCEDURE 

The d r i e d  samples of c o a l s  (-80 mesh s i z e )  were d ispersed  i n  anhydrous formic 
a c i d  (99 percent)  (50 m l  f o r  5 gms of  each). The 30 percent  hydrogen peroxide was 
t h e n  added, 2 m l  a t  a t i m e ,  a t  such a rate t h a t  t h e  temperature  r o s e  t o  about 50%. 
The mixture was t h e n  allowed t o  c o o l  t o  room temperature  f o r  t h e  next  24 hours  with 
cons tan t  s t i r r i n g .  It  was then f i l t e r e d  and t h e  s o l i d  washed wi th  water. 

The dry r e s i d u e ,  ox id ized  c o a l  w a s  then  e x t r a c t e d  wi th  1 N  NaOH i n  a stream o f  
n i t rogen  gas a t  room temperature  f o r  another  per iod  of  24 hours  wi th  cons tan t  
s t i r r i n g .  The i n s o l u b l e  r e s i d u e  was removed by c e n t r i f u g a t i o n ,  washed and dr ied .  
The washings and NaOH s o l u b l e  p o r t i o n  were c o l l e c t e d  and a c i d i f i e d  t o  pH 1 and 
l e f t  overn ight ,  
was siphoned from t h e  p r e c i p i t a t e .  The p r e c i p i t a t e  was cent r i fuged  and washed t o  
about  pH 5 .  Both t h e  s o l i d s  (NaOH s o l u b l e  and i n s o l u b l e )  were d r i e d  i n  a vacuum 
oven a t  approximately 80% f o r  about  24 hours  and analyzed on a Nicole t  FTIR. 
p e l l e t s  o f  coa ls  were prepared by mixing 1 mg of  d r y ,  f i n e l y  ground sample with 300 
mg of  K B r .  

The a c i d  i n s o l u b l e  p o r t i o n  s e t t l e d  and most o f  t h e  superna ten t  

KBr 

Approximations were made of  t h e  minera l  conten ts  by determining (a )  t h e  high- 
temperature  ash y i e l d s  of  humic a c i d s  and NaOH i n s o l u b l e s ,  (b) t h e  y i e l d s  of ash 
from t h e  same m a t e r i a l s  i n  an oxygen-plasma low-temperature asher  (LTA). Ult imate  
a n a l y s i s  of t h e  oxid ized  products  were obta ined  from t h e  Commercial T e s t i n g  and 
Engineer ing Co, Inc. Maceral a n a l y s i s  of  ox id ized  product  was done by c o a l  
petrography technique. 
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EXPERIMENTAL RESULTS 

There i s  some d i f f i c u l t y  i n  express ing  t h e  d a t a  on a completely sound b a s i s ,  
There because of t h e  complicat ions introduced by t h e  presence o f  minera l  matter. 

i s  a loss i n  weight o f  t h e  minera l  mat te r  dur ing  o x i d a t i o n .  
conten ts  of c o a l  and oxid ized  product  are d i f f e r e n t .  
mineral  conta in ing  ana lyses  can u s e f u l l y  be compared when expressed as percentages.  

The minera l  mat te r  
Nei ther  t h e  dmmf nor t h e  

I n  Table 1 t h e  weights  of c o n s t i t u e n t s  i n  t h e  sample taken  f o r  r e a c t i o n  a r e  
compared with t h e i r  weights  i n  t h e  oxid ized  product .  The l o s s e s  shown f o r  C ,  H ,  N 
i n  Table 1 conta in  no assumptions and a r e  as good a s  t h e  raw a n a l y t i c a l  da ta .  
Obviously t h e r e  are u n c e r t a i n t i e s  i n  t h e  weights  of  o r g a n i c  s u l f u r  and mineral  
matter, and hence i n  oxygen by d i f f e r e n c e .  The r e s u l t s  i n d i c a t e  t h a t  about 8-20 
percent  of t h e  carbon and 0-15 percent  of t h e  hydrogen i n  t h e  o r i g i n a l  c o a l  i s  
l o s t  dur ing  t h e  oxida t ion .  The weight of  oxygen i s  increased  by 120-170 p e r c e n t ,  
and it appears t o  have doubled. It i s  c l e a r  t h a t  t h e  d a t a  are n o t  very s a t i s f a c -  
t o r y  i n  t h i s  case. They should be  considered q u a l i t a t i v e  i n  n a t u r e ,  never the less  
t h e  d a t a  generated i s  f i r s t  of i ts kind where e f f o r t s  a r e  made t o  i n t e r p r e t  t h e  
d a t a  a n a l y t i c a l l y  f o r  products  of  a chemical r e a c t i o n  of c o a l s  t h a t  cons iders  t h e  
changes i n  t h e  amount and composition of minera l  matter r e s u l t i n g  from t h e  r e a c t i o n .  

The e x t r a c t i o n  o f  humic a c i d s  wi th  sodium hydroxide i s  l i k e l y  t o  d i s r u p t  
p a r t i a l l y  t h e  s t r u c t u r e  of  t h e  c l a y  minera ls  and s o l u b i l i z e  some m a t e r i a l ,  which 
w i l l  no t  n e c e s s a r i l y  be completely r e p r e c i p i t a t e d  by H C 1  wi th  t h e  humic ac id .  
sum of  t h e  LTA values  f o r  t h e  humic a c i d  and NaOH i n s o l u b l e s  u s u a l l y  exceeded t h e  
minera l  mat ter  conten t  of  t h e  c o a l  by a cons iderable  margin, sugges t ing  t h a t  c l a y  
s t r u c t u r e s  had been d r a s t i c a l l y  a l t e r e d .  The sum of  t h e  high-temperature  ashes  
bore a v a r i a b l e  r e l a t i o n  t o  t h e  mineral  matter conten t  of  t h e  coa l .  I n  Figure 1 
t h e  y i e l d s  of humic a c i d s  a r e  expressed on t h e  dry  a s h - f r e e  b a s i s  a s  a f r a c t i o n  
of  dmmf coa l  taken and a r e  p l o t t e d  a g a i n s t  d m f  carbon c o n t e n t s .  A tendency f o r  
t h e  humic a c i d  t o  i n c r e a s e  wi th  rank e x i s t s .  The c o a l s  from E a s t e r n  Province 
tended t o  g i v e  t h e  h igher  y i e l d s  because t h i s  Province c o n t a i n s  c o a l s  t h a t  i n  
genera l  a r e  of h igher  rank than  t h o s e  of o t h e r  Provinces .  
developed from t h e  d a t a  showed t h a t  r e s u l t s  f o r  c o a l s  could be expressed by t h e  
equat ion.  

The 

Regression ana lyses  

humic a c i d  y i e l d  = 3.15 x %C - 183 

where t h e  c o r r e l a t i o n  c o e f f i c i e n t  is 0.95 f o r  Rocky Mountain Province ,  0.56 f o r  
Eas te rn  Province and 0.22 f o r  I n t e r i o r  Province c o a l s .  A c o r r e l a t i o n  c o e f f i c i e n t  
of 0.75 was found when a l l  t h e  d a t a  were used with r e s p e c t  t o  t h e  Province of 
o r i g i n  and can be expressed a s  

humic a c i d  y i e l d  = 2.91 x %C - 163 

As s t a t e d  above, t h e  hydrogen peroxide was added a t  such a rate a s  t o  l i m i t  
t h e  temperature  rise due t o  t h e  exothermic r e a c t i o n .  With E a s t e r n  c o a l s  t h e  
peroxide had t o  be added more s lowly than  wi th  coa ls  from t h e  o t h e r  Provinces ,  i n  
order  t o  avoid exceeding t h e  temperature  l i m i t .  It fo l lows  t h a t  t h e  r e a c t i o n  with 
Eas te rn  coa ls  is  more exothermic than  w i t h  o t h e r  c o a l s .  

Petrographic  examinat ion of  t h e  oxid ized  product  do i n d i c a t e  t h a t  v i t r i n i t e  
had been g r e a t l y  a l t e r e d  i n  appearance whi le  s p o r i n i t e  and t h e  i n e r t  macerals 
changed l i t t l e  o r  n o t  a t  a l l .  The apparent ly  u n a l t e r e d  macerals  could s t i l l  be  
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recognized as  such i n  t h e  NaOil. - i n s o l u b l e  m a t e r i a l s  which c o n t a i n  most of t h e  in-  
organic  m a t e r i a l  o f  t h e  oxid ized  c o a l .  The humic a c i d  product ion  arises from t h e  
v i t r i i i t e  maceral which c o n t a i n  very minute q u a n t i t i e s  of minera l  mat te r .  Both of 
t h e s e  m a t e r i a l s  (NaOH - i n s o l u b l e  and s o l u b l e )  a r e  analyzed by Nicole t  FTIR and 
compared wi th  t h a t  of c o a l s .  

The FTIR o b t a i n s  s p e c t r a  j n  d i g i t a l  form. The c o r r e c t i o n  f o r  t h e  mineral  
mat te r  and moisture  i s  ~ n a d e ( ~ ' ~ ) . T h e  i n f r a r e d  s p e c t r a  f o r  t h e  humic a c i d s ,  NaOH - 
inso?.uble r e s i d u e  and c o a l s  a r e  shown i n  F igures  2 t o  4. Spec t ra  obta ined  from 
c o a l s  and humic a c i d s  show a c l o s e  s i m i l a r i t y  i n  t h e  absorp t ions  a s s o c i a t e d  with 
t h e  var ious C-H bonds and s k e l e t a l  v i b r a t i o n s .  Genera l ly ,  t h e  conclus ions  drawn 
from t h e  absence o f  bands from t h e  a b s o r p t i o n  spectrum are by no means l e s s  v a l -  
u a b l e  than  t h e  informat ion  furn ished  by t h e  e x i s t i n g  bands. It i s  g e n e r a l l y  be- 
l i e v e d  t h a t  c o a l  c o n t a i n s  no, o r  very  few, C=O groups, i s o l a t e d  C=C and CEC bands 
a r e  absent .  
arom.sti.c r i n g  systems. -C-0- o r  C-0-C bands and a s s o c i a t e d  OH and NH bands a r e  
probably a l s o  present .  

A l i p h a t i c  CH, CH2 and CH3 on  t h e  o t h e r  hand do occur ,  as w e l l  as 

DISCUSSION AND CONCLUSION 

Inf rared  s p e c t r a  of c o a l s  and humic a c i d s  demonstrate  a very c l o s e  s i m i l a r i t y .  
The s p e c t r a  from humic a c i d s  a l s o  resemble t h e  s p e c t r a  from coal  t a r ( 3 ) ,  suggest ing 
t h a t  t h e  humic a c i d s  a r e  t h e  monomers der ived  due t o  t h e  c o a l  ox ida t ion .  Ash 
ana lys i s  and i n f r a r e d  a n a l y s i s  show t h a t  most of t h e  organic  mat te r  ends up i n  t h e  
NaOH so luble  p a r t  whi le  most of t h e  inorganic  mat te r  goes i n t o  t h e  NaOH inso luble  
mater ia l .  

Humic a c i d  formation have been r e f e r r e d ( 5 )  e a r l i e r  t o  "Regenerated Ulmins." 
This  assumption needs f u r t h e r  evidence. During t h e  o x i d a t i o n  of c o a l ,  consider-  
a b l e  oxygen e n t e r s  t h e  bonds of t h e  c o a l  molecule. Most of t h e  v i t r i n i t e s  were 
g r e a t l y  a l t e r e d  i n  appearance while  s p o r i n i t e  and t h e  i n e r t  macerals  were changed 
l i t t l e  o r  no t  a t  a l l .  The a p p a r e n t l y  u n a l t e r e d  macerals  could s t i l l  be recognized 
as such i n  t h e  NaOH - i n s o l u b l e  m a t e r i a l .  The i n f r a r e d  s p e c t r a  o f  NaOH - inso luble  
mater ia l  looks l i k e  c h a r ,  bu t  t h e  c o r r e c t e d  s p e c t r a  f o r  t h e  NaOH i n s o l u b l e  mater ia l  
show t h e  a b s o r p t i o n  p a t t e r n  similar t o  parent  c o a l  sugges t ing  t h a t  t h e  organic  
mat te r  i n  t h a t  p a r t  i s  s t i l l  h ighly  polymerized s i m i l a r  t o  coa l .  

I n  a l l  c a s e s ,  t h e  a l i p h a t i c  C-H v i b r a t i o n s  a t  2850-2950 cm-' a r e  s h a r p ,  and 
t h e  other C-H v i b r a t i o n s  a t  1450-1480 cm-I and ai: 1375-1380 a r e  t h e r e .  
near  1375 c m - I  i s  due t o  v i b r a t i o n s  of t h e  methyl group. 
groups ( ie ,  two methyl groups on t h e  same carbon atom) are p r e s e n t ,  t h i s  band 
s p l i t s  i n t o  a c l o s e l y  spaced double t .  
but  not o f  an equal  i n t e n s i t y .  
in tense .  
content  o f  a v a r i e t y  of c o a l ,  humic a c i d  and even o f  t h e  NaOH - i n s o l u b l e  mater ia l  
i n d i c a t e  t h a t  hydroxyl ,  i n  t h e  form of  phenol ic  hydroxyl c o n t r i b u t e s  s t r o n g l y  t o  
t h e  peak. 

Absorption 
When gem-dimethyl 

Such s p l i t t i n g  w a s  observed i n  few s p e c t r a  
The aromatic  absorp t ion  near  1600 cm-' are very 

C o r r e l a t i o n  of t h e  magnitudes o f  t h e  1600 cm-I peak wi th  t h e  hydroxyl 

Absorption due t o  C=O i s  very s t r o n g  i n  a l l  cases .  These were a t  v a r i a b l e  
f requencies  i n  t h e  range 1660-1740 c m - l ,  most o f t e n  1700-1730 cm-l* 
of  coa ls  o f  bituminous rank  do not  show carbonyl  a b s o r p t i o n  i n  t h e  u s u a l  reg ion  
(1660-1760 
t o  the presence of  carboxyl  groups which has  been t h e  r e s u l t  of  o x i d a t i o n .  

The s p e c t r a  

This  a b s o r p t i o n  i s  q u i t e  c l e a r  i n  humic a c i d s  and e n t i r e l y  due 
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-1 
A p e c u l i a r  f e a t u r e  of  t h e  s p e c t r a  i s  t h e  u b i q u i t y  of a b s o r p t i o n  c l o s e  t o  1260 c m  . 

It i s  not q u i t e  i n t e n s e  but  u s u a l l y  showed a m u l t i p l i c i t y  of peaks i n  t h e  range 
1250-1300 cm-1. 
region.  Aromatic e t h e r s  a l s o  absorb here .  The absorp t ion  appears  t o  be due t o  
Some kind of C-0 v i b r a t i o n ,  and such v i b r a t i o n s  a r e  o f t e n  accompanied by o t h e r  
v i b r a t i o n s  i n  t h e  range 1000-1200 cm-l. Indeed,  bands were found a t  1020-1030, 
1070-1080 and 1170-1 90 cm-l. The s t r i k i n g  p o i n t  i s  t h a t  i f  any absorp t ion  i n  t h e  
region 1000-1300 cm-' t h a t  was observed,  w a s  i n  t h e  narrow ranges s p e c i f i e d .  This  
Seems t o  sugges t  t h a t  a number of s t r u c t u r a l  e lements  conta in ing  oxygen were wide- 
spread i n  c o a l s  and coa l  humic ac ids  and d i f f e r  s u r p r i s i n g l y  l i t t l e  from coal  t o  
coa l .  

Primary and secondary a l c o h o l s ,  and phenols ,  may absorb i n  t h i s  

A p a r a l l e l  s i t u a t i o n  i s  found wi th  regard  t o  another  ub iqui tous  band i n  t h e  
range 795-820 c m - l .  
Weaker bands a t  h igher  f requencies  (near  400-1000 cm-') were a l s o  seen.  

This  band i s  sharp  i n  t h e  s p e c t r a  and sometimes in tense .  

-1 
The bending v i b r a t i o n s  of  aromatic  C-H bonds a r e  found n e a r  870 cm r e g i o n ,  

and t h e i r  f requencies  are used t o  i d e n t i f y  s u b s t i t u t i o n  p a t t e r n s  i n  t h e  benzene 
r i n g .  Thus compounds wi th  s u b s t i t u e n t s  i n  t h e  1, 4- o r  1, 2 ,  3 ,  4 -pos i t ions  have 
an absorp t ion  near  830 cm-I q 3 0  cm-l), whi le  1, 2 ,  3 - t r i s u b s t i t u t e d  compounds 
absorb near  780 cm-I (520 cm- ). 
t e r i s t i c  of  1, 2 - d i s u b s t i t u t e d  compounds. No s i n g l e  p a t t e r n  of s u b s t i t u t i o n  shows 
bands near  both 750 and 830 cm-l. The i n t e n s i t i e s  of  t h e s e  bands i s  v a r i a b l e  with 
pure compounds, but  i s  o f t e n  high.  Weak shoulder  i s  seen  a t  3030 c m - l  (aromatic  
C-H s t r e t c h i n g )  and t h e  weak band near 1600 cm-l (aromatic  r i n g  s k e l e t a l  v i b r a t i o n ? ) .  
No f i rm answer can be g iven ,  but probably t h e  i n t e n s i t i e s  a r e  s u f f i c i e n t l y  cons is -  
t e n t ,  s i n c e  i n  pure aromatic  compounds t h e  1600 cm-I bond i s  sometimes q u i t e  weak. 
Sharp absorp t ion  a t  1600 cm-l i n  t h e  s p e c t r a  i s  due t o  -OH s u b s t i t u t i o n  on t h e  
aromatic  r ing(3 .6) .  

Absorption near  750 cm-' i s  (520 cm-l) charac-  

The s t r i k i n g  observa t ion  i s  t h a t  i f  t h e s e  bands are p r e s e n t  i n  a spectrum, 
they a r e  always c l o s e  t o  t h e  same f requencies ,  and absorp t ions  corresponding t o  
o ther  benzene s u b s t i t u t i o n  p a t t e r n s  than t h o s e  mentioned a r e  n o t  s e e n  a t  a l l .  
The impl ica t ion  i s ,  once more, t h a t  c e r t a i n  s t r u c t u r a l  e lements  o r  ske le tons  a r e  
of  very f requent  occurrence and d i f f e r  s u r p r i s i n g l y  l i t t l e  from c o a l  t o  coa l  
which i s  i n  agreement wi th  t h e  o t h e r  r e l a t e d  publ ished works(7>8) .  
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Figure 1 
YIELDS OF HUMIC ACIDS AS FUNCTION OF 

CARBON CONTENTS OF COALS 
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Figure 4 
INFRARED SPECTRA OF (A) PSOC 282 HUMIC ACID, (E) PSOC 221 HUMIC ACID, 

(C) PSOC 295 HUMIC ACID, AND (D) PSOC 295 NaOH-INSOLUGLE 
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