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A number o f  s t u d i e s  c a r r i e d  o u t  on the  e l e c t r o l y s i s  o f  coa l  i n  
bas ic  media(1-7) suppor t  t he  conc lus ion  t h a t  e l e c t r o x i d a t i o n  o f  coa l  i n  
NaOH forms s o l u b l e  products  s i m i l a r  t o  humic ac ids.  Upon f u r t h e r  
e l e c t r o l y s i s  the  humic a c i d s  - l i k e  m a t e r i a l  decomposes t o  l i b e r a t e  COP 
a t  the anode. Hydrogen i s  l i b e r a t e d  a t  t h e  cathode w i t h  h i g h  e f f i c i e n c y  
and, depending upon the  e l e c t r o d e  p o t e n t i a l  and o t h e r  c o n d i t i o n s ,  
r e l a t i v e l y  small amounts o f  O2 and t r a c e s  o f  CH4 and C2H2 fo rm a t  t he  
anode. D i f f e r e n t  c e l l  geometr ies have been explored,  r a n g i n g  from a 
s t i r r e d  - c e l l  r eac to r (1 -5 )  t o  a r e a c t o r  w i t h  an anode made o f  
a n t h r a c i t e  coa l (6 ) ;  o t h e r  e l e c t r o d e s  which have been used i n c l u d e  P t ,  
graphi te ,  Pb and N i .  The e f f e c t  o f  c a t a l y s t s ,  such as vanadium 
pentox ide and c o b a l t  c h l o r i d e ,  on t h e  o x i d a t i o n  r a t e s  have a l s o  been 
s tud ied (3 ) .  Some researchers (3 )  r e p o r t e d  t h a t  h o r i z o n t a l  e l e c t r o d e s  
caused h i g h e r  r a t e s  o f  coa l  convers ion than v e r t i c a l  e lec t rodes .  
Belcher(4)  c h a r a c t e r i z e d  the  va r ious  coa l  e l e c t r o l y s i s  p roduc ts  by 
separa t i ng  them i n t o  acetone - s o l u b l e  and acetone - i n s o l u b l e  
products. Khundkar(5) showed t h a t  pea t  d i s p l a y s  h i g h e r  e lec t rochemica l  
a c t i v i t y  than coal  under s i m i l a r  cond i t i ons .  Excep t ing  r e c e n t l y  
repo r ted  work(7) coa l  e l e c t r o l y s i s  has u s u a l l y  been done 
g a l v a n o s t a t i c a l l y .  S e n f t l e  and coworkers(6)  argued t h a t  OH' r a d i c a l s  
are the  most probable agents f o r  hydrogen a b s t r a c t i o n  and/or a d d i t i o n  
t o  aromat ic r i ngs .  I n  a d d i t i o n  t o  c o n t a i n i n g  an e x c e l l e n t  r e v i e w  o f  t h e  
o x i d i s i n g  species formed d u r i n g  the e l e c t r o l y s i s  o f  water,  t h i s  
paper(6) a l s o  g i ves  some exper imenta l  da ta  as t o  t h e  p roduc ts  o f  coa l  
e l  e c t r o l y s i  s. 

The p resen t  s tudy r e p o r t s  more d e t a i l s  as t o  p roduc ts  formed 
d u r i n g  coa l  e l e c t r o l y s i s  i n  bas i c  media and cons ide rs  v a r i o u s  p o s s i b l e  
r e a c t i o n  pathways f o r  e lec t rochemica l  o x i d a t i o n  o f  coa l .  Constant  
p o t e n t i a l s  were employed i n  t h i s  work and the  r e a c t i o n  p roduc ts  were 
analysed by FTIR, and f o r  elemental  composi t ions.  

React ion mechanisms o f  coa l  o x i d a t i o n  by e l e c t r o l y s i s  a r e  n e i t h e r  
very w e l l  understood nor  w i d e l y  s tud ied.  Guidance may be gleaned, 
however, f rom a number o f  exper imenta l  i n v e s t i g a t i o n s  o f  t h e  mechanism 
of the o x i d a t i o n  o f  coa l  by chemical reagents.  It has been reasoned 
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from such r e s u l t s  t h a t  f ree  rad ica ls  formed during the ear ly  stages 
combine t o  form l a r g e r  e n t i t i e s ;  then t h i s  i s  followed by an 
essent ia l l y  ox ida t ive  - hydro ly t i c  process i n  l a t e r  stages(8). For 
example, a i r  - ox ida t ion  makes coal increasingly soluble i n  a l k a l i  
during the l a t e r  stages w i th  u l t imate  conversion o f  about 20 - 30% (wt) 
of the carbon t o  carbon - oxides and about 40 - 50% o f  the hydrogen t o  
water(8). The so lub i l i sed  por t ion  o f  the coal, considered t o  be "humic 
acid" i s  spectroscopical ly s im i l a r  t o  the parent coal molecule except 
f o r  increased concentrations o f  oxygen - r i c h  funct ional  groups, 
including phenolic -OH, -COOH and =CO (ketone and/or quinone). The 
l i m i t i n g  elemental compositions o f  these humic acids depend strongly on 
the temperature o f  ox ida t ion  and vary s l i g h t l y  w i th  the rank o f  the 
coal : 

Humic ac id  i s  a term usual ly appl ied t o  ce r ta in  dark amorphous 
substances which occur i n  so i l ,  peat and low - rank coal. Humic ac id  
are a l k a l i  - soluble, can be prec ip i ta ted  by acids, and have molecular 
weights i n  the range o f  20,000 - 50,000 daltons(9). A " t yp i ca l "  humic 
acid has a "core" which i s  p a r t l y  aromatic i n  nature w i th  other 
s t ruc tu ra l  features derived from l i gn in ,  e.g. phenols and 
resorcinol  ~ ( 9 ) .  I n  addi t ion,  alcohol, carboxyl, carbonyl and quinoid 
groups and he terocyc l i c  ni t rogen are present i n  humic acids. 

t o  produce low molecular weight water - soluble acids. A l l  the aromatic 
carboxyl ic acids (w i th  the exception o f  benzoic acid), oxal ic,  succinic 
and acet ic  acids have been iden t i f i ed (9 )  i n  the products. Intense 
oxidat ion o f  coal i f  ca r r i ed  out f o r  a s u f f i c i e n t l y  long  time, consumes 
intermediate products such as humic acids and y ie lds  COP and H 0 as 
ul t imate products(9). Rates o f  coal ox ida t ion  are accelerated 2y higher 
temperatures and higher oxygen p a r t i a l  pressures. A t  even higher 
temperatures above 250 OC i n  a i r ,  a v i r t u a l  low - temperature 
combustion sets in.  Humic acids are used as d r i l l i n g  muds, b o i l e r  scale 
removers, pigments f o r  p r i n t i n g  inks, c a r r i e r s  o f  f e r t i l i z e r s  and 
growth hormones f o r  plants,  t ransporters o f  t race  minerals i n  s o i l  and 
so i l  condi t ioners.  

The r a t e  o f  ox ida t ion  o f  coal i s  enhanced by the presence o f  
a l ka l i .  When coal i s  s l u r r i e d  w i th  aqueous sodium hdroxide and reacted 
with oxygen under pressure, and a t  temperatures up t o  200 OC, the 
organic po r t i on  o f  the coal i s  completely so lub i l i zed  and la rge  amounts 
of aromatic carboxy l i c  ac ids ( l l , l 2 )  are formed. Th i r t y  t o  f o r t y  - f i v e  
percent of the t o t a l  carbon i s  recovered as carboxyl ic acids, and the 
remainder i s  converted t o  carbon dioxide. Jensen e t  a1.(13) proposed 
tha t  w i th  coal i n  afr .  the predominant primary process i s  rap id  
generation of humic acids fo l lowed by decomposition o f  the carboxyl 
groups. I n  wet oxidat ion,  the humic acids are presumed t o  form a t  the 
outer regions o f  the par t i c les .  The humic acids then dissolve and get 
further oxidised i n  the homogeneous so lu t ion  phase, thereby exposing 
fresh reac t ive  surface on the shr inking coal p a r t i c l e  f o r  cont inuing 

aqueous NaOH a t  50 t o  100 OC i s  discussed i n  de ta i l  by Den0 and 
coworkers(l4). 

The humic acids formed by ox id is ing  coal can be oxidised fu r ther  

primary" oxidat ion.  This mechanism f o r  the ox ida t ion  o f  coals i n  
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EXPERIENTAL 

North Dakota l i g n i t e  o f  p a r t i c l e  s ize l e s s  than 77 um was 
electrolysed i n  1 M  NaOH a t  room temperature i n  a s t i r r e d  reac tor  made 
o f  Pyrex, using P t  electrodes. Experimental de ta i l s  and proper t ies  Of  
the l i g n i t e  are given elsewhere(7). 

The l i g n i t e  was weighed before and a f t e r  the e lec t ro lys is .  A f te r  
e lec t ro lys is ,  the sol i d  residue was f i l t e r e d  from the s lu r ry ,  washed 
w i th  d i s t i l l e d  water and dr ied  under vacuum a t  40 OC. The aqueous 
f i l t e r a t e  was a c i d i f i e d  therby causing a p rec ip i t a te  t o  form and gases 
t o  evolve. The gases produced dur ing t h i s  operation were co l l ec ted  and 
analysed. The two sol i d  products (so l  i d  e lec t ro lysed 1 i g n i t e  residue 
and prec ip i ta te  from a c i d i f i e d  e lec t ro l y te )  were character ized by 
transmission measurements using a N ico le t  7199 Four ie r  Transform 
In f ra red  Spectrometer (FTIR); these samples were a1 so subjected t o  
elemental analysis using a Perkin Elmer Model 240 analyzer. The parent 
l i g n i t e  was s i m i l a r l y  subjected t o  FTIR invest iagat ions and elemental 
analysis. 

RESULTS AND DISCUSSIONS 

When l i g n i t e  was e lec t ro lysed i n  1M NaOH s l u r r i e s  using P t  
electrodes, products s im i la r  t o  humic ac id  were produced i n  add i t i on  t o  
CO , H2, r e l a t i v e l y  small amounts o f  O2 and traces o f  CH and C2H2. The 
po ten t ia l  applied t o  the c e l l  inf luences the production % i s t r i b u t i o n ;  
f o r  example, increasing the electrode po ten t ia l  from 1.2 V t o  2.5 V vs. 
SCE gave correspondingly greater humic ac id  production(7). Increasing 
the po ten t ia l  s t i l l  fu r ther ,  however, lowers the amount o f  humic a c i d  
formed. 

Elemental Analysis o f  Reacted Coal ______-____------_____---_-------- 
Table I provides a comparison o f  the elemental analyses o f  

e lectrolysed l i g n i t e s  w i th  those o f  a v i r g i n  l i g n i t e  and a l i g n i t e  t h a t  
had been treated w i th  1M NaOH f o r  24 hours bu t  not electrolysed. The 
most s t r i k i n g  feature o f  the data seems t o  be the monotonic decrease o f  
the oxygen content o f  the residual  pa r t i cu la te  mater ia l  as electrode 
po ten t ia l  i s  increased. The decrease o f  oxygen content o f  the p a r t i a l l y  
reacted 1 i g n i t e  pa r t i c l es  w i th  increasing electrode po ten t ia l  may wel l  
be re la ted  t o  the greater s o l u b i l i t y  o f  the more oxygen - r i c h  
fragments produced dur ing e lec t ro lys is .  The outermost oxidised por t ions  
o f  the coal pa r t i c l es  may be viewed as possessing la rge  populat ions o f  
carboxyl ic groups which render them p o t e n t i a l l y  a l k a l i  - soluble. As 
these oxidised outer por t ions  dissolve i n  the basic e lec t ro ly tes ,  the 
inner coal residue would become r e l a t i v e l y  r i c h e r  i n  carbon and poorer 
i n  oxygen. Figure 1 shows one hypothet ical  course o f  such a reac t i on  i n  
basic e lec t ro ly tes  i n  which nuc leoph i l i c  add i t ion  o f  OH- a t  an 
a l i pha t i c  carbonyl causes an adjacent C-C bond t o  rupture, thereby 
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1 
producing a s o l u b l e  c a r b o x y l i c  f ragment and an i n s o l u b l e  res idue r i c h e r  
i n  C and H than t h e  i n t i a l  composi t ion.  The r e s u l t  i s  t h a t  a molecule 
near t h e  sur face  o f  t h e  coa l  p a r t i c l e  breaks a long an a l i p h a t i c  l i n k a g e  
t o  leave a r e l a t i v e l y  oxygen - poor  res idue on t h e  coa l  p a r t i c l e  w h i l e  
c o n t r i b u t i n g  a so lub le ,  oxygen - r i c h ,  humic - a c i d  - l i k e  f ragment t o  
t h e  e l e c t r o l y t e  s o l u t i o n .  The l a r g e r  p o p u l a t i o n  d e n s i t i e s  o f  c a r b o x y l i c  
groups produced a t  h i g h e r  p o t e n t i a l s  w i l l  have a g r e a t e r  tendency t o  
decarboxyl ate. Such behav io r  probably  under1 i e s  the  i n c r e a s i n g  
produc t ion  o f  C02 w i t h  p o t e n t i a l  ( 7 ) .  

FTIR Resu l ts  ------------ 
Transmission i n f r a r e d  spec t ra  of t h e  p a r e n t  l i g n i t e  and i t s  

r e a c t i o n  p r o d u c t i o n  were ob ta ined u s i n g  a N i c o l e t  Model 7199 F o u r i e r  
Transform I n f r a r e d  Spectrophotometer.  The i.r. beam was passed through 
p e l l e t s  prepared f rom a dry ,  f i n e l y  ground (20 minutes i n  a "Wig-L- 
Bug") coal  sample (10 mg) mixed w i t h  300 mg o f  KBr. T h i r t e e n  - mm 
diameter p e l l e t s  were pressed i n  an evacuated d i e  under 20,000 l b s  
pressure f o r  one m inu te  and d r i e d  o v e r n i g h t  a t  105 OC. The spec t ra  o f  
t h e  samples wer  c o r r e c t e d  by s u b t r a c t i n g  background absorp t ion  i n  the  
2000 - 4000 cm-f reg ion .  

I n  the  i.r. spectrum o f  v i r g i n  NDL coal  i n  F i g u r e  2 v a r i o u s  peaks 
are  assigned as shown based on t h e  work o f  Bouwman(l5). A very  low 
s i g  a l / n o i s e  r a t i o  i s  observed f o r  wave numbers g r e a t e r  than about  3600 
cm-'. This  i s  a t t r i b u t e d  t o  s c a t t e r i n g  and low i n  e n t s i t y  o f  t h e  i.r. 
source i n  t h i s  r e g i o n .  The broad band a t  3400 a r i s e s  f r o m  hydrogen 
bonding i n v o  v i n g  hydroxy l  groups i n  f r e e  o r  bound H 0. Bands a t  2920 
and 2860 cm-I (due t o  -CH s t r e t c h i n g  v i b r a t i o n s ) ,  i d i f a t e  the presence 
o f  a l i p h a t i c  hydrocarbon species. The band t 2360 cm' i s  a t t r i b u t e d  
t o  the presence o f  C02 and t h a t  a t  1700 cm-* can be assigned t o  the  
carbonyl  C=O s t r e t c h i n g  v i b r a t i o n  of, e.g., c a r b o x y l i c  ac ids;  the  
l a t t e r  i s  a r e l a t i v e l y  small  pea! i n  most c o a l s  i n c l u d i n g  the NDL used 
here. The band a t  about  1600 cm- i n  F i g u r e  2 (and which can occur 
anywhere between 1580 - 1620 cm-') i s  c h a r a c t e r i s t i c  o f  s o l i d  
carbonaceous system and i s  u s u a l l y  a t t r i b u t e d  t o  the  r i n g  v i b r a t i o n s  i n  
po ly -nuc lear  condensed aromat ic  carbon s t r u c t u r e s .  C o n t r i b u t i o n s  can 
a l s o  occur i n  t h i s  r e g i o n  from a t tenua ted  carbonyl  v i b r a t i o n s  o f  
compounds i n  which i n t r a m o l e c u l a r  H-bonding b r i d g e  fo rmat ion  takes 
p l a c e  between t h e  -OH and the -C=O group, e.g., 

OH 0 
I ii - c - c -  
I 

The bands a t  1440 and 1380 cm-' correspond r e s p e c t i v e l y  t o  the presence 
of CH2 and CH3 groups (C-H bonding v i b r a t i o n s ) .  A roTa t i c  s t r u c t u r e s  (C- y in -p lane bending)  can a l s o  c o n t r i b u t e  t o  1440 cm' band. The 1250 cm- 

and 750 cm-' are d i f f i c u l t  t o  ass ign  b u t  are b e l i e v e d  t o  a r i s e  from 
band can e ass igned t o  the  C-0-C e t h e r  group. The bands a t  910, 800 
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minerals i n  the coal samples and out-of-plane C-H bending i n  aromatic 
structures. The most notable observations from a comparison o f  the i.r. 
spectra of :  (1) l i g n i t e  cont.acted w i th  NaOH bu t  not electrolysed, (2) 
residual l i g n i t e  pa r t i c l es  a f t e r  e lec t ro l ys i s  a t  3.1 V vs. SCE and (3) 
of the humic ac id  - l i k e  products formed from the coal and l a t e r  
p re f ip i ta ted  from the e lec t ro l y te  i s  the la rge  i n tens i t y  i n  the 1700 
cm- region (carbonyl band) f o r  the dissolved residue compared t o  much 
lower i n tens i t i es  f o r  both the residual  l i g n i t e  pa r t i c l es  and the 
parent l i g n i t e .  This indicates t h a t  the oxidised por t ion  o f  the coal 
gets disfolved from the coal p a r t i c l e s  i n t o  the basic e lec t ro ly te .  The 
1700 cm- band i s  also enhanced f o r  the s o l i d  residue a f t e r  
e lec t ro l ys i s  bu t  not near ly as much as f o r  the soluble residue. The 
insoluble s o l i d  residues from e lec t ro lysed l i g n i t e  were also Soxhlet 
extracted w i th  an equivolumetric mixture o f  benzene and ethanol (16). 
The i.r. spectra o f  these residual  so l ids  a f t e r  ex t rac t ion  showed 
greater oxygen func t i ona l i t y  than the corresponding sol i d s  remaining 
a f te r  the parent l i g n i t e  was extracted i n  the same way. 

Using the 1580 - 1620 cm-l band as an in te rna l  standard 
representative o f  the aromatic po r t i on  o f  the coal, the 117 o/I1600 
i n tens i t y  r a t i o  gives a qua l i t a t i ve  measure o f  the extent o? the 
carbonyl f unc t i ona l i t y  i n  the coal. The i n t e n s i t y  r a t i o  113 o/I1600 
and, t o  some extent the I o/I1600 ra t i o ,  are i nd i ca t i ve  09 the 
content o f  alkane groups(!8. Figures 3 and 4 show the va r ia t i on  o f  
these in tens i t y  r a t i o s  o f  the s o l i d  residue a f t e r  e lec t ro l ys i s  as a 
funct ion o f  e lectrode po ten t ia l .  The curve f o r  the 11700/11690 r a t i o  
suggests tha t  the oxygen content increases w i th  an increase n the 
electrode potent ia l ,  reaches a maximum due t o  the formation o f  carbonyl 
groups and then declines w i th  fu r the r  increase i n  po ten t ia l .  The l a t e r  
decrease i n  the r a t i o  could be a t t r i b u t e d  t o  the d isso lu t ion  o f  
carboxyl ic mater ia l  i n  NaOH where i t  reacts v i a  Kolbe's mechanism t o  
form CO ; Figure 5 shows a monotonic dependence o f  C02 production on 
the appeied electrode po ten t ia l .  The va r ia t i on  o f  the 11380/11 00, and 

/I 600 r a t i o s  w i th  the electrode po ten t ia l  permit  speculation tha t  
?Re lower po ten t ia ls  the soluble products t h a t  d issolve away from 

the s o l i d  pa r t i c l es  are more aromatic than the l i g n i t e ;  t h i s  
d isso lu t ion  process then leaves behind s o l i d  par t i c les ,  the surfaces o f  
which get r e l a t i v e l y  higher i n  alkane concentrations as the electrode 
po ten t ia l  increases. Increase o f  e lectrode po ten t ia l  beyond the maxima 
of Figures 3 and 4 may cause add i t iona l  oxidat ion o f  the surface alkane 
groups t o  soluble products o r  COP, thereby reducing the r e l a t i v e  alkane 
in tens i t y  observed a t  h igher potent ia ls.  

CONCLUSIONS 

The nature o f  coal ox ida t ion  products i s  a strong funct ion of the 
applied elctrode po ten t ia l .  As the ox id is ing  power i s  increased, oxygen 
containing funct ional  groups are formed on the surface o f  coal, 
however, a f u r the r  increase i n  the electrode po ten t ia l  resu l t s  i n  
formation o f  a l k a l i  - soluble carboxyl ic groups leav ing  behind an 
oxygen - poor reacted coal pa r t i c l e .  The research work t o  date suggests 
tha t  by se lec t ive ly  con t ro l l i ng  the electrode po ten t ia l ,  desirable coal 
oxidat ion products may be obtained. 
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Figure 3. FTIR band intensity ratios o f  insoluble lignite residues as 
a function o f  electrode potential. Experimental conditions 
as in Table 1. 
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Figure 4. FTIR band in tens i ty  r a t io s  o f  insoluble l i g n i t e  residues 
as a function o f  electrode potential .  
conditions as in Table 1. 
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F igu re  5 .  I n f l u e n c e  o f  p o t e n t i a l  on amount o f  COP l i b e r a t e d  a f t e r  
a c i d i  f i c a i t o n  o f  e l e c t r o l y t e .  Exper imental  c o n d i t i o n s  
as i n  Table 1. 
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