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E+ECl'ROUIEMISTRY OF BIOMASS-DERIVED MATERIALS 
I .  CXARACl'ERIUTI(H, PBACTIONATION, AND REDUCTIVE ELECTROLYSIS 

OF ETHANOL-EXTBAtXED EXPLOSIVELY-DEPRESSURIZeD ASPEN LIGNIN 

By 

Helena L. (hum and M .  R a t c l i f f  
S o l a r  Energy Research I n s t i t u t e ,  1617 b l e  Blvd, Golden,  CO 80401 

and 
H .  A .  Schroede r  and D .  W. Sophera 

Department of b r e s t  and Wood S c i e n c e s  
b l o r a d o  S t a t e  U n i v e r s i t y ,  b r t  b l l i n s ,  CO 80523 

ABSTRACT 

The chemica l  c h a r a c t e r i z a t i o n  ( f u n c t i o n a l  g roup  d i s t r i b u t i o n )  
and s p e c t r o s c o p i c  p r o p e r t i e s  (13C, 'H, I R ,  UV-Vis) o f  a number of 
l i g n i n s  o b t a i n e d  from e t h a n o l  e x t r a c t i o n  of e x p l o s i v e l y -  
decompressed a spen  (Popu lus  t r e m u l o i d e s )  l i g n i n  (EEEDAL) are  
d e s c r i b e d .  In t h i s  p r o c e s s  m o d  i s  h e a t e d  t o  -240°C by d i r e c t  
steam and f i b e r i z e d  by sudden decompress ion .  Both mechan ica l  and 
c h e m i c a l  d e g r a d a t i o n  o c c u r  which l e a d  t o  a d e c r e a s e  o f  t h e  m l e c u -  
l a r  we igh t  of a l l  of t h e  n a t u r a l  po lymers .  The l i g n i n  f r a c t i o n  i s  
s o l u b l e  i n  a l c o h o l s ;  i t  h a s  a low number a v e r a g e  m o l e c u l a r  w e i g h t  
( 9 2 5 )  and is  ve ry  r e a c t i v e .  EEEDAL was s u b j e c t e d  t o  f r a c t i o n a t i o n  
by d i f f e r e n t i a l  s o l u b i l i t y  p r i o r  t o  and a f t e r  e l e c t r o l y s e s  on 
mercury c a t h o d e s  a t  -2 .6  V v s .  Ag/AgCl i n  m e t h a n o l / t e t r a e t h y l -  
ammonium p e r c h l o r a t e .  A f t e r  r e c o v e r y  of 85-90% of t h e  o r i g i n a l  
w e i g h t  of material used by p r e c i p i t a t i o n  w i t h  a c i d ,  fo l lowed  by a 
series of e x t r a c t i o n s ,  t h e  chemica l  and s p e c t r o s c o p i c  p r o p e r t i e s  
of each f r a c t i o n  were d e t e r m i n e d .  The a c i d - i n s o l u b l e  f r a c t i o n s  
are more condensed than  t h e  a c i d - s o l u b l e  f r a c t i o n s  and have lower 
p h e n o l i c  OH and lower a l i p h a t i c  OH c o n t e n t s  t han  t h e  a c i d - s o l u b l e  
f r a c t i o n s .  The a c i d - s o l u b l e  f r a c t i o n s  p h e n o l i c  OH c o n t e n t  
approaches  one p e r  phenylpropane ( 5 )  u n i t  of t h e  L i g n i n .  Elec- 
t r o l y s e s  i n c r e a s e  t h e  amount of lower m o l e c u l a r  we igh t .  h i g h  
p h e n o l i c  c o n t e n t ,  a c i d - s o l u b l e  l i g n i n s  and changes t h e  m o l e c u l a r  
weight  d i s t r i b u t i o n  by d e c r e a s i n g  t h e  p o l y d i s p e r s i t y  of t h e  re-  
s u l t i n g  l i g n i n s  . These low-molecular-weight l i g n i n s  are chem- 
i c a l l y  r e a c t i v e  ( f o r  i n s t a n c e ,  w i th  fo rma ldehyde)  and c a n  be u s e d  
in t h e  p a r t i a l  r ep lacemen t  of phenol  i n  phenol-formaldehyde t h e r -  
m o s e t t i n g  r e s i n s .  
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506 CHUM ET AL. 

Lign ins l  a r e  complex, c r o s s - l i n k e d  phenyl  propane polymers 

which compose, t o g e t h e r  with c e l l u l o s e  and o t h e r  c a r b o h y d r a t e s ,  

t h e  ce l l  w a l l  s t r u c t u r a l  members of l i v i n g  p l a n t s .  A c r u c i a l  s t e p  

i n  the  b i o s y n t h e s i s  of l i g n i n s  is t h e  enzyme i n i t i a t e d  dehydrogen- 

a t i v e  coup l ing  of t h r e e  s u b s t i t u t e d  cinnamyl a l c o h o l s ,  s. 4- 

hydroxy-3-methoxycinnamyl ( c o n i f e r y l )  a l c o h o l ,  4-hydroxy-3,5- 

dime thoxycinnamyl ( s i n a p y l )  a l c o h o l  and 4-hydroxycinnamyl (p- 

coumaryl) a l c o h o l .  The p r o p o r t i o n  of each a l c o h o l  i n  the  polymer 

is a f u n c t i o n  of t he  s p e c i e s .  br i n s t a n c e ,  i n  hardwoods such  as 

aspen (Populus t r emulo ides )  t h e  l i g n i n  is d e r i v e d  predominantly 

from c o n i f e r y l  and s i n a p y l  a l c o h o l s .  

Many l i g n i n  s t r u c t u r a l  i n v e s t i g a t i o n s  d e a l  w i t h  m i l l e d  m o d  

l i g n i n s ,  k r a f t  l i g n i n s ,  and l i g n o s u l f o n a t e s  bu t  a s  y e t  o n l y  a few 

s t u d i e s  have c o n c e n t r a t e d  on l i g n i n s  i s o l a t e d  from steam exploded 

( e x p l o s i v e l y  decompressed) m o d  and new p r e t r e a t m e n t s  of 

wood’2a-b Marchessaul t  e t  a 1  .2c have i n v e s t i g a t e d  t h e  v a r i a t i o n  

of t h e  p r o p e r t i e s  of aspen l i g n i n ,  i s o l a t e d  a f t e r  e x p l o s i v e  de- 

p r e s s u r i z a t i o n ,  ae a f u n c t i o n  of t h e  e x p l o s i o n  t empera tu re  and a 

comparat ive s t u d y  by G l a s s e r  e t  a l .  2d of a l a r g e  number of d i f -  

f e r e n t  l i g n i n  p r e p a r a t i o n s  inc luded  a b r i e f  examinat ion of sodium 

hydroxide e x t r a c t e d  steam exploded l i g n i n s  . Hernmingsonze 

d e s c r i b e d  the e f f e c t  of steam e x p l o s i o n  on the  softwood Pinus 

r a d i a t a  l i g n i n .  A r e c e n t  symposium on wood and pu lp ing  chemis t ry  

c o n t a i n s  papers  on c h a r a c t e r i z a t i o n  of some e x p l o s i v e l y  d e p r e s s u r -  

i z e d  a spenz f  and beech2g l i g n i n s  . 
The p r e s e n t  paper d e s c r i b e s  the  chemical  and s p e c t r o s c o p i c  

c h a r a c t e r i z a t i o n  of e t h a n o l - e x t r a c t e d  aspen wood which has  under- 

gone e x p l o s i v e  d e p r e s s u r i z a t i o n .  In t h i s  p rocess  the  wood is 

hea ted  t o  -240°C by d i r e c t  steam and is f i b e r i z e d  by sudden decom- 

p r e s s i o n .  Both mechanical and chemical  d e g r a d a t i o n  occur  which 

r e n d e r s  t h e  h e m i c e l l u l o s i c  p a r t  of t h e  m o d  a lmos t  comple t e ly  h o t  

wa te r  s o l u b l e .  About 90% of the  l i g n i n ,  which has  a r e l a t i v e l y  

low molecular  we igh t ,  can be s o l u b i l i z e d  r e a d i l y  i n  e t h a n o l / w a t e r  
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ELECTROCHEMISTRY OF MATERIALS I 507 

(90% v / v ) ,  w h i l e  t h e  c e l l u l o s e ,  a l t h o u g h  h a v i n g  a d e c r e a s e d  d e g r e e  

of p o l y m e r i z a t i o n ,  remains l a r g e l y  c r y s t a l l i n e  and t h e r e f o r e  

i n s o l u b l e .  Subsequent f r a c t i o n a t i o n  of  t h e  l i g n i n  by p r e c i p i t a -  

t i o n  w i t h  a c i d  from an  a l k a l i n e  E t h a n o l  s o l u t i o n  y i e l d e d  l i g n i n  

samples  w i t h  d i f f e r e n t  p h y s i c a l  and s p e c t r o s c o p i c  p r o p e r t i e s .  

E l e c t r o c h e m i c a l  r e a c t i o n s  of l i g n i n  p r e p a r a t i o n s  have been 

c a r r i e d  o u t  o n l y  to  a v e r y  l i m i t e d  e x t e n t  and have  formed t h e  

s u b j e c t  of a r e c e n t  review .3 A number of p o l a r o g r a p h i c  s t u d i e s  of 

l i g n i n s  have been r e p o r t e d 4  and in a l l  cases t h e  po la rograms  

i n d i c a t e d  i r r e v e r s i b l e  e l e c t r o n  t r a n s f e r ,  o f t e n  a s s o c i a t e d  w i t h  

a d s o r p t i o n  of  t h e  l i g n i n  on t h e  d r o p p i n g  mercury e l e c t r o d e  

(DME). Up t o  f o u r  r e d u c t i o n  waves have been obse rved  f o r  l i g n i n  

in non-aqueous s o l v e n t s  .s The p r e p a r a t i v e  scale r e d u c t i o n  o f  

d i o x a n e  l i g n i n  and k r a f t  l i g n i n  in aqueous ammonia s o l u t i o n s  by 

e l e c t r o c h e m i c a l l y  g e n e r a t e d  ammonium amalgam l e d  t o  low m o l e c u l a r  

w e i g h t  monomeric and d i m e r i c  p r o d u c t s  .6 Most of t h e  e l e c t r o l y s e s  

o f  l i g n i n  p r e p a r a t i o n s  r e p o r t e d ,  however,  u t i l i z e  ill- 

c h a r a c t e r i z e d  l i g n i n s  and were not fo l lowed  by f u l l  p r o d u c t  c h a r -  

a c t e r i z a t i o n .  

We have c a r r i e d  o u t  e l e c t r o c h e m i c a l  r e d u c t i o n s  of ou r  w e l l  

c h a r a c t e r i z e d  e t h a n o l - e x t r a c t e d  e x p l o s  i v e l y - d e p r e s s u r  i z e d  a s p e n  

l i g n i n  (EEEDAL) a t  mercury c a t h o d e s  in methanol/tetraethylammonium 

p e r c h l o r a t e .  After r e c o v e r y  of  85-90% O E  t h e  o r i g i n a l  we igh t  of  

material  used by p r e c i p i t a t i o n  w i t h  a c i d ,  fo l lowed  by a series of 

e x t r a c t i o n s ,  t h e  chemica l ,  p h y s i c a l ,  and s p e c t r o s c o p i c  p r o p e r t i e s  

of e a c h  f r a c t i o n  were d e t e r m i n e d .  

EXPERMENTAL 

lhterials 

Ethano l -Ex t rac t ed  Explosively-Decompressed Aspen L ign in  

(EEEDAL): The l i g n i n  was i s o l a t e d  from e x p l o s i v e l y  decompressed 

a spen  wood ( s u p p l i e d  by I o t e c h  h r p . )  (55 seconds  r e s i d e n c e  t i m e  

a t  240°C)  by a p rocedure  similar t o  t h a t  d e s c r i b e d  by Marchessau l t  
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508 CHUM ET AL. 

and S t .  P i e r r e ?  Exp los ive ly  decompressed aspen m o d  (602 g ,  

mo i s tu re  c o n t e n t  on an ovendried b a s i s ,  60%) was s t i r r e d  vigorous-  

l y  wi th  water  (5.25 dm3) a t  room t empera tu re  f o r  3 hour s  t o  remove 

t h e  s o l u b l e  h e m i c e l l u l o s e s .  The i n s o l u b l e  l i g n o c e l l u l o s i c  f r a c -  

t i o n  was f i l t e r e d  and washed w i t h  wa te r  ( I 0  dm3) and t h e n  added t o  

e t h a n o l  (5.25 dm3). A f t e r  s t i r r i n g  v i g o r o u s l y  a t  room tempera- 

t u r e ,  under n i t r o g e n ,  o v e r n i g h t ,  t h e  mix tu re  was f i l t e r e d  and t h e  

i n s o l u b l e  c e l l u l o s i c  material was washed w i t h  e t h a n o l  ( 2  dm3). 

"he f i l t r a t e  and washings were combined and t h e  e t h a n o l  evapora t ed  

unde r  reduced p r e s s u r e .  A da rk  brown g l a s s y  s o l i d  (43 g, 78X 

y i e l d  based on Klason l i gn in  i n  d r y  m o d )  was o b t a i n e d  a f t e r  

d r y i n g  under vacuum. 

The EEEDAL thus  prepared c o n t a i n s  two types  of i m p u r i t i e s :  

a )  1 .O w t  X wate r - so lub le  monosaccharides ,  de t e rmined  a c c o r d i n g  t o  

r e f e r e n c e  8; b) 5 w t  X o f  carbon t e t r a c h l o r i d e - s o l u b l e  o r g a n i c  

compounds; t h e s e  i m p u r i t i e s  are probably d e r i v e d  from t h e  e x t r a c -  

t i v e s  f r a c t i o n  of a spen ,  which c o n t a i n s  p r i m a r i l y  f a t t y  a c i d s  .g 

Both the  I R  and NMR s p e c t r a  of t h e  CC14 e x t r a c t s  a r e  compa t ib l e  

w i t h  mix tu res  of f a t t y  a c i d s  and f a t t y  a l c o h o l s .  E l e c t r o l y s e s  

were c a r r i e d  ou t  with t h e  EEEDAL c o n t a i n i n g  e x t r a c t i v e s  impuri-  

t ies .  S p e c t r a l  and a n a l y t i c a l  d a t a  were ob ta ined  of samples wi th  

and wi thou t  e x t r a c t i v e s .  

Other m a t e r i a l s :  k t h a n o l  was used as s u p p l i e d  by 

Mall inkrodt  f o r  p r e p a r a t i v e  e l e c t r o l y s e s  . Tetraethylammonium 

p e r c h l o r a t e  was used as s u p p l i e d  by G .  F. Smith.  The t r i p l y  

d i s t i l l e d  mercury (Bethlehem) was used wi thou t  f u r t h e r  p u r i f i c a -  

t i o n .  All o t h e r  s o l v e n t s  and chemica l s  u t i l i z e d  were r e a g e n t  

g r a d e .  

BIBCTBO<BBHICAL (BLLS AND INSTBUliBNTATICWS 

br  c o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s e s  one of tm p o t e n t i o -  

s ta t s  was used;  e i t h e r  a H o a n a l y t i c a l  Systems SP2 o r  a Wenking 

HP72.  To measure the charge consumed a d i g i t a l  coulometer  was 

employed (ESC 6 4 0 ) .  All l i g n i n  r e d u c t i o n s  were c a r r i e d  o u t  i n  a 
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ELECTROCHEMISTRY OF MATERIALS I 509 

g l a s s  ce l l  wi th  a s t i r r e d  mercury pool ca thode  ( a r e a  = 16 cm2 o r  

38 cm2).  The secondary e l e c t r o d e  (p l a t inum d i s c ;  a r e a  = 12 cm2) 

was p a r a l l e l  t o  t h e  working e l e c t r o d e  and s e p a r a t e d  from t h e  

c a t h o l y t e  by a s i n t e r e d  g l a s s  d i s k .  

LIGNIN EIBCl'ROLYSIS AND FRACl'IONATION PROCXDURE 

About 150 cm3 of d e a e r a t e d  0.1 mol dm-3 EthNCI04 in methanol 

were placed i n  the cathode compartment of t h e  c e l l  and p r e e l e c -  

t r o l y z e d  ( a t  -2.6 V x. A g / A g C l )  u n t i l  a c o n s t a n t  low c u r r e n t  

v a l u e  was o b t a i n e d  p r i o r  t o  the  a d d i t i o n  of t he  l i g n i n  (3.0 g ,  -3  

x mol). h e  l i g n i n  was then reduced a t  -2.6 V (z. A g / A g C l )  

u n t i l  t h e  c u r r e n t  reached t h a t  of t h e  background.  Towards the  end 

of t h e  e l e c t r o l y s i s  t he  c o l o r  of t h e  c a t h o l y t e ,  o r i g i n a l l y  d a r k  

brown, became ye l low.  Throughout t h e  e l e c t r o l y s i s .  excep t  d u r i n g  

t h e  i n i t i a l  5 minutes ,  t h e  pH of t h e  s o l u t i o n  was 12.0. To iso- 

l a t e  t h e  p roduc t s  t he  reduced l i g n i n  s o l u t i o n  w a s  s iphoned o u t  of 

t h e  c e l l  t o  below the  s u r f a c e  of c o l d ,  deoxygenated h y d r o c h l o r i c  

a c i d  (300 cm3, 0.5 mol d ~ u - ~  a t  G .  2°C) . The p r e c i p i t a t e d  l i g -  

n i n ,  t h e  a c i d  i n s o l u b l e  f r a c t i o n  ( A I )  (a  l i g h t  brown o r  b e i g e  

f i n e l y  d i v i d e d  s o l i d ) ,  was s e p a r a t e d  by c e n t r i f u g a t i o n  (10,000 

rpm, 30 m i n u t e s ) .  h e  s u p e r n a t a n t  l i q u i d  was r e t a i n e d  and t h e  

s o l i d  m a t e r i a l  was resuspended in wate r  (500 cm3).  A f t e r  c e n t r i -  

f u g a t i o n  t h e  washing p rocess  was r e p e a t e d  once a g a i n  fol lowed by 

d r y i n g  in a vacuum d e s i c c a t o r  (ove r  P2O5 o r  H2S04) to g i v e  a l i g h t  

brown s o l i d  (1.6-1.8 9 ) .  To i s o l a t e  t h e  l i g n i n  remaining in t h e  

s u p e r n a t a n t  l i q u i d ,  t he  s o l u t i o n  w a s  s a t u r a t e d  w i t h  potassium 

c h l o r i d e  and e x t r a c t e d  wi th  e t h y l  a c e t a t e  ( 3  x 100 cm3).  'Ihe 

combined e x t r a c t s  were washed ( s a t u r a t e d  sodium c h l o r i d e  s o l u t i o n ,  

50 cm3),  d r i e d  (WSO4) and the  s o l v e n t  evapora t ed  under reduced 

p r e s s u r e .  F ina l  d ry ing  in a vacuum d e s i c c a t o r  gave a brown g l a s s y  

m a t e r i a l  (0.5-0.9 9 ) .  t h e  a c i d - s o l u b l e  f r a c t i o n  (AS) . h e  samples  

were kep t  under vacuum u n t i l  they were a n a l y z e d .  The removal of 

t h e  l i g n i n  s t i l l  d i s s o l v e d  in t h e  aqueous l a y e r ,  t h e  very s o l u b l e  

f r a c t i o n  ( V S ) ,  was accomplished by e v a p o r a t i n g  the  s o l u t i o n  t o  a 

low volume (under  reduced p r e s s u r e )  and then  add ing  methanol (100 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



510 CHUM ET AL. 

cm3).  A f t e r  s t i r r i n g  t o  s o l u b i l i z e  the l i g n i n .  t h e  s o l u t i o n  was 

f i l t e r e d  and t h e  sa l t s  r ema in ing  were washed w i t h  a f u r t h e r  por-  

t i o n  of methanol (50 cm3). The combined methanol  s o l u t i o n s  were 

evapora t ed  under  reduced p r e s s u r e  u n t i l  t h e  v o l u m  was x. 30 

cm3. When t h e  s o l u t i o n  had coo led  t o  room tempera tu re  i t  was 

t r a n s f e r r e d  t o  a v o l u m e t r i c  f l a s k  (50 cm3) and was made up t o  

volume w i t h  water and methanol .  The l i g n i n  s o l u t i o n  was t hen  

ana lyzed  f o r  c a r b o n y l  g roup  c o n t e n t  by u s i n g  a m o d i f i c a t i o n  of  t h e  

p rocedure  r e p o r t e d  below.  

E x p l o r a t o r y  lignin e l e c t r o l y s e s  a t  o t h e r  p o t e n t i a l s  were also 

c a r r i e d  o u t .  Since t h e  o b j e c t i v e  of t h e  work was t o  c a r r y  o u t  

e x h a u s t i v e  r e d u c t i v e  e l e c t r o l y s i s  and a f f e c t  t h e  l a r g e s t  e x t e n t  of 

r e d u c t i o n s  ( w i t h o u t  u s i n g  s o l v a t e d  e l e c t r o n s ) ,  t h e  a n a l y t i c a l  

r e s u l t s  were mainly devo ted  t o  e l e c t r o l y s e s  c a r r i e d  o u t  a t  -2.6 V 

- v s .  Ag/AgCl. ( i n s t an t  c u r r e n t  e l e c t r o l y s i s  c o u l d  have been em- 

ployed . 
FWACTIONATIOW 08 'BLANK EIECl'ROLYSIS" PROtXDURE 

Ltgnin (3.0 g ,  - 3  x mol) was d i s s o l v e d  in 

methanol/Et4NC104 (0.1 m01 d m 3 ,  150 cm3) and t h e  pH was a d j u s t e d  

to  12 by add ing  sodium methox ide .  A f t e r  s t i r r i n g  a t  room tempera-  

t u r e  under n i t r o g e n  f o r  3 h o u r s ,  t h e  l i g n i n  was i s o l a t e d  by t h e  

same procedure  as t h a t  d e s c r i b e d  a b o v e .  

Tab le  1 summarizes t h e  r e s u l t s  of  t h e  f r a c t i o n a t i o n  p rocedure  

as w e l l  a s  t h e  e l e c t r o l y s i s  and f r a c t i o n a t i o n  on EEEDAL.  

A c e t y l a t i o n  P rocedure :  A method similar t o  t h a t  employed by 

Gierer and LlndeberglO was u s e d .  'Ihe r e a c t i o n s  were c a r r i e d  o u t  

a t  40°C o v e r n i g h t .  Toluene i m p u r i t i e s  were removed by a z e o t r o p i c  

e t h a n o l '  e v a p o r a t i o n .  

ANALYTICAL FEmODS 

'Ihe a n a l y t i c a l  d a t a  on t h e  l i g n i n s  i n v e s t i g a t e d  i n  t h i s  pape r  

are assembled in Table 2 .  
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ELECTROCHEMISTRY OF MATERIALS I 511 

Table 1. Definition of the conditions used in the isolation of 
the lignins and yields. EEEDAL = ethanol-extracted 
explosively-depressuized aspen lignin, P - 
fractionation; A = acid; S = soluble; I - insoluble; V = 
very; E = electrolysis 

Experiment 
X Recovery 
( i n c l u d e s  Sample 

D e s c r i p t i o n  e x t r a c t i v e s )  

No e l e c t r o l y s i s  EEEDAL -- 
F t a c t i o n a t i o n  a t  pH = 1 2  
(Blank e l e c t r o l y s i s )  

FA I- 1 2a 67 
FAS- 1 gb 25 
ws- 12c 8 

Elec t rochemica l  r e d u c t i o n  E FAI-12d 54 
3 g E E E D A L / a  OH + Et4NU04 (0.1 M) E FAS- 1 2e 30 
-2.6 V vs &/&a; 2900 coulombs E FVS-12f 15 

R a c t i o n a t i o n  a t  pH - 7 
(Blank e l e c t r o l y s i s )  

FAI-78 73 
FAS-7h 14 
ws-7 i  13 

aMaterial p r e c i p i t a t e d  when EEEDAL ( 3  g/150 cm3 CH3OH, 0.1 M 
E t  NClO4) a t  pH = 12 (by a d d i t i o n  of  NaOCH3) f o r  2-3 hours ,  was 
a tded  t o  500 cm3 of 0.5 M aqueous H C l  . 

bMater ia l  ob ta ined  by e x t r a c t i o n  in e t h y l  acetate of t h e  NaCl 
s a t u r a t e d  s u p e r n a t a n t  of a .  

‘Residue s o l u b l e  in b and not  e x t r a c t a b l e  in e t h y l  acetate.  

d-f Materials prepared under analogous c o n d i t i o n s  t o  a-c, 

g-i14tterials prepared under analogous c o n d i t i o n s  to  a-c, 

r e s p e c t i v e l y ,  but  wi th  e l e c t r o l y s i s  of EEEDAL. 

r e s p e c t i v e l y .  but a t  pH = 7 .O. 

Elemental Analyses: Performed by Huffman Labora tor ies ,  

Denver, Q l o r a d o .  

Methoxy B n t e n t :  The s tandard  p r o c e d u r e l l  was employed. In 
many cases, s i n c e  t h e  samples were small (<20 mg), a l a r g e r  ana ly-  

t i ca l  e r r o r  was observed ( 1 5 % ) .  A second procedure used was 

q u a n t i t a t i v e 1 2  13C NMR ( s e e  Spec t ra l  Analyses, NMR) whi le  a t h i r d  

procedure used I R  ( s e e  s p e c t r a l  a n a l y s e s ,  I R ) .  
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Cdrbonyl c o n t e n t :  'Ihe oximation of t h e  carbonyl  groups was 

used fo l lowing  the  procedure of Gierer and Lenz .13 The pH (Orion 

91-02 combination e l e c t r o d e )  was kept  c o n s t a n t  a t  4.0 with t h e  

au tomat ic  t i t r a t i o n  system (Elethrohm E526 Titrator with k t h r o h m  

655 Dosimat motorized b u r e t t e ) .  The r e a c t i o n  was c a r r i e d  o u t  a t  

35'C (MGW Iauda T1 thermosta t  c i r c u l a t o r )  f o r  about  24 h o u r s ,  Ihe 

accuracy of the  method was t e s t e d  wi th  s e v e r a l  l i g n i n  model com- 

pounds c o n t a i n i n g  a-carbonyl groups .  The r e p r o d u c i b i l i t y  of the  

method is *4%. 

Phenol ic  Hydroxy Cbntent: The procedure of .  Sarkanen and 

Schuerchl' was u t i l i z e d ,  with t h e  k t h r o h m  E518 conduct imeter ,  and 

c o n d u c t i v i t y  cel l  OH 9100. Ihe r e p r o d u c i b i l i t y  of t h e  method is 
*4%. A second procedure used t h e  13C NMR s p e c t r a  of t h e  a c e t y -  

l a t e d  materials12 and as a t h i r d  procedure,  t h e  W d i f f e r e n c e  

spectrum between pH 14 and pH 5 was used.15 

Tota l  Hydroxy B n t e n t :  The l i g n i n  samples were methylated 

t h r e e  times with d i m e t h y l s u l f a t e  accord ing  t o  a modi f ica t ion  of  

t h e  procedure i n  r e f e r e n c e  16. The a n a l y t i c a l  methoxy determina-  

t i o n  was repea ted  on t h e  methylated l i g n i n .  lhe c a l c u l a t i o n  of 

t h e  t o t a l  hydroxy c o n t e n t  fol lows t h e  method of Browning.17 

A l t e r n a t i v e l y ,  q u a n t i t a t i v e  1 3 C  NMR was used t o  determine t h e  

t o t a l  hydroxy c o n t e n t ,  as m11 as t h e  propor t ion  of  a l i p h a t i c  and 

phenol ic  OH groups p r e s e n t  . 
Catechol b n t e n t :  Ca. 1.3% w/w of c a t e c h o l  groups were found 

i n  EEEDAL fo l lowing  a c o l o r i m e t r i c  procedure  

Cdrboxylic k i d  Cbntent and Evalua t ion  of Impur i t ies :  After 

s t i r r i n g  f o r  15 minutes a sodium b i c a r b o n a t e  s o l u t i o n  c o n t a i n i n g  

f i n e l y  ground l i g n i n  (0 .5 g) , t h e  unreac ted  sodium bicarbonate  is 

t i t ra ted  with HCL us ing  a pH e l e c t r o d e  (Orion 91-02) and meter 

(Orion 701 A). Difference  of t h e  end-point of t h i s  t i t r a t i o n  with 

t h a t  of a sample of t h e  sodium b i c a r b o n a t e  s o l u t i o n  employed, 

y i e l d s  the  carboxyl ic  ac id  c o n t e n t .  The method was o r i g i n a l l y  

t e s t e d  with s a l i c y l i c  a c i d  t o  test  t h e  p o s s i b i l i t y  of i n t e r f e r e n c e  

of phenol ic  groups.  Ihe r e s u l t s  were a c c u r a t e  t o  *I%. 
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514 CHUM ET AL. 

lhe  l i g n i n  i so l a t ed  by ex t r ac t ing  the  explosively- 

depressurized aspen wood with d i l u t e  &OH had a carboxylic acid 

content of E. 0.8% by weight. A l l  of t h e  ac id  so lub le  f r a c t i o n s  

had a very small carboxylic acid con ten t .  A conten t  of carboxylic 

acid of -0.5% by weight corresponds to  an e r r o r  i n  the  phenolic 

hydroxy ana lys i s  of 0.2%. 

p-Hydroxybenzoic e s t e r s  a r e  known t o  be a major component of 

the mllled mod aspen l i g n i n  (up t o  10% w/w have been de tec ted  i n  

some cases) .la During the explosive depressur iza t ion ,  some of the 

ester un i t s  might have hydrolyzed. We attempted t o  determine the  

content of p-hydroxybenzoic ac id  from the  wood a f t e r  explosion, as 
w e l l  a s  to  hydrolyze the EEEDAL under a l k a l i n e  condi t ions  t o  

a s c e r t a i n  how much of the  ester can be converted i n t o  the p- 

hydroxybenzoic a c i d .  In 75 cm3 of water,  8.4 g of wood were 

suspended and s t i r r e d  fo r  5 hours.  After f i l t r a t i o n ,  the yellow 

so lu t ion  was evaporated under reduced pressure t o  y ie ld  a red 

brown o i l .  The o i l  was s t i r r e d  with sa tu ra t ed  NaHCO3 so lu t ion  and 

f i l t e r e d  of f  and washed with NaHC03. 'he so lu t ion  was made a c i d i c  
wi th  concentrated HQ and ex t rac ted  with 4 x 30 cm3 of e t h e r .  The 

combined e t h e r  e x t r a c t s  were water washed, d r i ed  with M+3SO4 and 
evaporated to  dryness.  The y ie ld  was 22 mg of which thin-layer 

chromatography, I R  and W absorption spec t r a  i d e n t i f i e d  a s  con- 

ta in ing  p-hydroxybenzoic acid (-25% by W-absorption spectros- 

copy). lhis yie ld  ind ica t e s  t h a t  about 1% wlw (with a r e l a t i v e l y  

l a rge  e r r o r  due to  the many ex t r ac t ions )  of the l i gn in  was 

ex t rac ted  as p-hydroxybenwic a c i d .  

This mater ia l  is not present i n  the EEEDAL because of the 

water ex t r ac t ion  procedure employed t o  remove t h e  so luble  hemicel- 

l u l o s i c  f r ac t ion  a l so  so lub i l f zes  the p-hydroxybenzoic ac id .  

A s imi l a r  ex t r ac t ion  procedure was employed with EEEDAL 

except t h a t  sodium hydroxide (2M) was employed. From 1 g of 

EEEDAL, 24 mg of a yellow oil was obta ined ,  which contained -15% 

of p-hydroxybenzoic ac id .  In o ther  wurds, -0.5% w/w of p-hydroxy- 

benzoic ac id  could be i so l a t ed  from EEEDAL a f t e r  hydro lys is .  l h a t  
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amount m u l d  correspond t o  -0.15% of carboxyl ic  a c i d  groups.  In 

t h e  t i t r a t i o n  procedure employed f o r  c a r b o x y l i c  a c i d  determina-  

t i o n ,  t h i s  whole c o n t e n t  of c a r b o x y l i c  a c i d s  would not  be 

hydrolyzed dur ing  t h e  t i t r a t i o n  time. Therefore ,  t h e  major f r a c -  

t i o n  of c a r b o x y l i c  a c i d s  measured by t h e  t i t r a t i o n  procedure 

employed above can be a t t r i b u t a b l e  t o  f a t t y  a c i d  i m p u r i t i e s .  

Albe i t  the  e r r o r  of de te rmina t ions  of p-hydroxybenzoic a c i d  is 

l a r g e ,  t h e  steam exploded aspen u t i l i z e d  in t h e s e  s t u d i e s  does n o t  

seem t o  c o n t a i n  but 2-3% w/w of p-hydroxybenzoic a c i d .  

Assuming t h a t  a l l  of t h e  c a r b o x y l i c  a c i d  c o n t e n t  is due t o  

f a t t y  a c i d  i m p u r i t i e s  impl ies  t h a t  -5% by weight of t h e  EEEDAL is 

f a t t y  a c i d s  ( t h e  average molecular weight of t h e  f a t t y  a c i d s  in 

aspen was considered -320; the  e lementa l  a n a l y s i s  of the  carbon 

t e t r a c h l o r i d e  e x t r a c t e d  f r a c t i o n  is: 77 .9X C; 11.4X H; 

10.7% 0) . Based on t h i s  number, on t h e  y i e l d  of t h e  CC14 e x t r a c t ,  

and on t h e  carbohydra te  i m p u r i t i e s ,  we estimate t h e  t o t a l  impur i ty  

c o n t e n t  of EEEDAL as -5% by weight .  

SPECTRAL ANALYSES 

I n f r a r e d  absorp t ion  s p e c t r a  of t h e  l i g n i n s  were recorded by a 

Perkin E l m e r  5998 spec t rophotometer .  P e l l e t s  of 1 mg l i g n i n / 3 0 0  

mg KBr were used.  The e v a l u a t i o n  of the  band i n t e n s i t i e s  was 

c a r r i e d  out  us ing  the  method of Sarkanen, (hang, and Allan.19 

Table 3 assembles the  percent  of gua iacyl  groups and t h e  r a t i o  of 

0rx3/cg based on the  percent  a b s o r p t i v i t i e s  of c h a r a c t e r i s t i c  

s p e c t r a l  maxima (1600, 1460, 1325, 1230, and 1120 cm-l) r e l a t i v e  

t o  t h a t  a t  1500 cm'l, ass igned  t o  a romat ic  s k e l e t a l  v i b r a t i o n s .  

U l t r a v i o l e t  and v i s i b l e  a b s o r p t i o n  s p e c t r a  of e t h a n o l i c  

l i g n i n  s o l u t i o n s  were recorded by a Hewlett-Packard 8450A s p e c t r o -  

photometer .  Difference s p e c t r a  were recorded in aqueous media. 

A lT-NMR spec t rometer  JEOL EX-9OQ was employed f o r  o b t a i n i n g  

s p e c t r a  of a c e t y l a t e d  l i g n i n s  (60-75 mg/ .4 m l  a)C13) with -1% TMS 
as i n t e r n a l  s t a n d a r d .  For proton s p e c t r a ,  s i n g l e  p u l s e s  (15  IIS) 

were employed with a pulse  i n t e r v a l  of 4.55 s and an accumulation 
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of  10-20 p u l s e s .  The s p e c t r a l  width was 900 o r  1000 Hz with  450 
or 500 Hz f i l t e r  r e s p e c t i v e l y .  The i n t e g r a t i o n  of  l i g n i n  s p e c t r a  

was checked a g a i n s t  t h a t  of l i g n i n  model compounds o b t a i n e d  under 

similar c o n d i t i o n s .  Rom t h e  hydrogen c o n t e n t  of the  samples 

(elemental a n a l y s i s )  and from t h e  d i s t r i b u t i o n  of pro tons  in t h e  

NMR s p e c t r a ,  t h e  approximate number of pro tons  p e r  % u n i t  was 

c a l c u l a t e d  for  a romat ic ,  a l i p h a t i c ,  and hydroxy pro tons  ( s e e  

Table  4). The methoxy pro tons  o v e r l a p  with some s ide-chain pro- 

t o n s ;  t h e r e f o r e  a n a l y t i c a l  va lues  f o r  methoxy pro tons  were sub-  

t r a c t e d  from the  a l i p h a t i c  reg ion  t o  determine t h e  number of 

a l i p h a t i c  pro tons  per  % formula e20 

The 1 3 C  NMR s p e c t r a  repor ted  h e r e  used t h e  pulse  sequence 

d e s c r i b e d  i n  r e f e r e n c e  12 with a n t i g a t e  decoupl ing proton tech-  

n ique ,  such t h a t  the nuc lear  Overhauser e f f e c t  could be over- 

come. Pulses  of 10 vs were employed with a 10.0 s i n t e r v a l  

between pulses  f o r  a t o t a l  accumulat ion of 20,000 p u l s e s .  The 

long  d e l a y  t i m e  is necessary  to c o r r e c t  fo r  t h e  d i f f e r e n t  s p i n  

l a t t i c e  r e l a x a t i o n  times of the  v a r i o u s  types of carbon present  in 
t h e  l i g n i n  molecule .  

REXJClS AND DISCUSSION 

tharacterisatioa and halytical k s u l t a  

Voltammetric s t u d i e s  of e t h a n o l - e x t r a c t e d  e x p l o s i v e l y -  

d e p r e s s u r i z e d  aspen l i g n i n  (EEEDAL) a t  a hanging mercury d r o p  

e l e c t r o d e  i n d i c a t e  t h a t  a number of e lec t rochemica l  processes  

occur  in methanol/tetraethylammonium p e r c h l o r a t e  (TEAP) s u p p o r t i n g  

e l e c t r o l y t e  ( s e e  R g .  1). At around -1.8 V v s .  &/AgQ, processes  

probably a r e  a s s o c i a t e d  with g-quinone  r e d u c t i o n  to  hydro- 

quinone .21 Addi t iona l  r e d u c t i o n  r e a c t i o n s  take p lace  a t  -2 .6 V 
- vs .  A g / A g C l ,  which was the  p o t e n t i a l  chosen t o  c a r r y  out  c o n s t a n t  

p o t e n t i a l  e l e c t r o l y s e s  of EEEDAL. Under these  c o n d i t i o n s  d i r e c t  

e lec t rochemica l  reduct ions  and i n d i r e c t  r e d u c t i o n s  involv ing  t h e  

p a r t i c i p a t i o n  of the reduced form of the alkylammonium ion asso-  
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CHUM ET AL. 

Table 4. In tegra ted  l H  NMR reg ions  roughly propor t iona l  t o  the 
types of protons per (+ formula (except  om3 v a l u e s  
which -re derived from a n a l y s i s )  of EEEDAL and l i g n i n  
s a n p l e s  descr ibed  in Table 1. ( A l l  d a t a  from 
a c e t y l a t e d  l i g n i n s  c o r r e c t e d  f o r  e x t r a c t i v e s  .) 

Sample Aromatic o m 3  OH* Total  
A l i p h a t i c  

Side Chain 
~ 

EEEDAL 2 .2 4 .o 3 -6 1 .7 11 .6 

EFAS-12 2.7 4 .2 3.6 2 .o 12 .6 
FAI- 12 2 .2 3 .9 3 .3 1 .6 11 .o 
E FAI-12 2.9 3 .3 3 .3 1 .6 11 .2 
FA I- 7 2 .7 3 .a 3.45 1 .7 10.7 

FAS-12 2.1 3 .9 3 .9 1 .a 11 .a 

~ ~~ ~ ~ ~ 

*Includes highly s h i e l d e d  protons from Hibbert  ketone s t r u c t u r e s .  

-1.10 - 1.85 -2.60 

v vs. Ag/AgCI 

Figure 1 .  Cyclic Voltammogram of EEEDAL (6.7 mg/5crn3) on a 

Hanging Fkrcury Drop i n  CH3OH/(~H5)4NC104(0.1 m o l  

dm’3 .) 
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c i a t e d  with mercury are l i k e l y .  We w i l l  d e s c r i b e  r e s u l t s  o f  

e l e c t r o l y t i c  experiments  performed on mercury pool ca thodes  a f t e r  

pass ing  2900 C of charge /3  g l i g n i n .  Zhe pH of t h e  c a t h o l y t e  i n  

t h e s e  e l e c t r o l y s e s  rises very quick ly  t o  12 (wi th in  the  f i r s t  5 

minutes) and remains c o n s t a n t  throughout  t h e  e l e c t r o l y s i s  ( 1-3 

h o u r s ) .  

The d i f f e r e n t  c o n d i t i o n s  employed i n  the  i s o l a t i o n  of the  

l i g n i n  materials used i n  t h i s  work, and t h e i r  y i e l d s  are presented  

i n  Table 1.  The f r a c t i o n a t i o n  procedure was developed i n  o r d e r  t o  

a l l o w  maximum recovery of t h e  s t a r t i n g  l i g n i n  material a f t e r  

e l e c t r o l y s i s .  In order  t o  assess t h e  e f f e c t  of t h e  e l e c t r o l y s i s  

on t h e  polymer d i s t r i b u t i o n  and composi t ion,  t h e  same f r a c t i o n a -  

t i o n  procedure was employed, but wi thout  e l e c t r o l y s i s .  Also clear 

from Table 1 is t h a t  the  d i s t r i b u t i o n  of t h e  polymer i n  A I ,  AS, 

and VS f r a c t i o n s  is a f u n c t i o n  of t h e  s t a r t i n g  pH of the  methan- 

o l ic  s o l u t i o n .  Under t h e  e l e c t r o l y s i s  c o n d i t i o n s  employed we 

observed an i n c r e a s e  i n  the  y i e l d s  of t h e  AS and VS f r a c t i o n s  and 

a decrease  i n  t h e  y i e l d  of A 1  f r a c t i o n .  

Table 2 shows the e lementa l  composi t ion,  methoxy , carbonyl ,  

and t o t a l  hydroxy c o n t e n t s  of t h e  v a r i o u s  l i g n i n  p r e p a r a t i o n s  

d e s c r i b e d  i n  Table 1 .  Note t h a t  t h e  presence of e x t r a c t i v e  impur- 

i t ies  in t h e  l i g n i n  materials i n c r e a s e s  t h e  C and H c o n t e n t s  of 

t h e  l i g n i n s ,  and decreases  the  methoxy c o n t e n t .  The p r o p o r t i o n s  

of the  var ious  groups are descr ibed  by t h e  % formulae i n  t h e  

t a b l e  i n  terms of %HX%(OCO) z(OH)M(OCH~)N. The agreement between 
t h e  % composition of t h e  a c e t y l a t e d  and unace ty la ted  EEEDAL is 
w e l l  w i t h i n  the experimental  e r r o r .  The composi t ions of the  ac id-  

i n s o l u b l e  f r a c t i o n s  are subjec ted  t o  t h e  l a r g e s t  e r r o r s  s i n c e  t h e  

f a t t y  a c i d s  and f a t t y  a l c o h o l s  w i l l  be predominantly p r e s e n t  i n  

t h i s  l i g n i n  f r a c t i o n .  

The range of methoxy c o n t e n t ,  1.1-1 .3 O Q I 3 / % ,  is lower than 

t h e  va lue  repor ted  by Qlua and Waymana2 f o r  t h e  mi l led  wood aspen  

l l g n i n  [ $H8 ~O3.05( Om3) -47 J . The repor ted  v a l u e s  of 0.95- 

1 .152d o r  1 .12' f o r  analogous m a t e r i a l s  are c l o s e r  t o  t h e  v a l u e s  
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5 20 CHUM ET AL. 

of  our  A 1  f r a c t i o n s .  From the  d a t a  of Oar3/$ i n  W b l e  2 i t  

appears  t h a t  t h e  AS f r a c t i o n s  have a s l i g h t l y  h i g h e r  O M 3  c o n t e n t  

than the A 1  f r a c t i o n s .  These t r e n d s  are s u b s t a n t i a t e d  by the IR 
d a t a  ( see  Flg. 2) t r e a t e d  accord ing  t o  t h e  method of Sarkanen et 
- a1 .19 Table 3 c o n t a i n s  t h e  e v a l u a t i o n  of t h e  Oar3/$ r a t i o  as 
w e l l  as the  gua iacyl  c o n t e n t  (G,). The ratios of the  absorbance8 
of i n d i v i d u a l  maxima (e.g., 1600, 1460, 1325, 1220, and 1115 cm-l) 

r e l a t i v e  t o  t h a t  a t  1500 cm-l are compared t o  e x t r a p o l a t e d  va lues  

of Sarkanen e t  a1.19 for 1.0 and 2.0 O M 3 / $ ,  r e s p e c t i v e l y  for 
l i g n i n s  conta in ing  100% guaiacyl  (Gc-l .O) and 100% s y r i n g y l  u n i t s  

( Sc=1 .O) : 

P 

Gc 
X 

sc  

assuming: Sc - l-Gc, LA., t h e  amount of p-hydroxyphenylpropane 

u n i t s  in t h e  EEEDAL is n e g l i g i b l e  ( s e e  exper imenta l  p a r t  f o r  

estimate of p-hydroxyphenyl propane u n i t s ) .  The average 0CH3/cg 

v a l u e s  and t h e  gua iacyl  c o n t e n t  from Table 3 compare very well 

with those from Table 2 .  The presence of e x t r a c t i v e s  does n o t  

seem t o  a l te r  the  methoxy c o n t e n t  de te rmina t ion  by t h i s  procedure,  

wi th in  t h e  exper imenta l  e r r o r .  

The decrease  i n  t h e  methoxy c o n t e n t  reflects condensat ion 

r e a c t i o n s  of t h e  l i g n i n  wi th  f u r f u r a l ,  t h e  a c i d  degrada t ion  prod- 

u c t  of the xylan f r a c t i o n ,  formed dur ing  t h e  explos ive  decompres- 

s i o n  of t h e  wood. Such condensat ion products  seem t o  be predom- 

i n a n t l y  p r e s e n t  i n  the  A 1  f r a c t i o n s .  

The carbonyl  conten t  of EEEDAL p r i o r  t o  or a f t e r  f r a c t i o n a -  

t i o n  decreases  markedly dur ing  e l e c t r o l y s e s  a t  -2.6 V z. 
Ag/AgCl .  At the  same t i m e ,  t h e  t o t a l  hydroxy and t h e  hydrogen 

c o n t e n t s  increase as depic ted  i n  Table 2 .  "tie very s o l u b l e  f r a c -  

t i o n  remaining a f t e r  the  e l e c t r o l y s e s  has not  been i s o l a t e d  from 

s o l u t i o n  without  apprec iab le  contaminat ion by the  suppor t ing  
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EEEDAL 

fa5-7 

EFAI-12 

EFAS-I2 

Ngure 2 .  Infrared Spectra of Selected Lignin Samples (Bee 

Table 1) in KBr P e l l e t s .  
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522 CHUM ET At. 

e l e c t r o l y t e .  However, i ts  carbonyl  c o n t e n t  is also very low (0.8% 

by weight or less) and its phenol ic  OH c o n t e n t ,  determined by W- 

v i s i b l e  d i f f e r e n c e  absorp t ion  s p e c t r a l 5  i s  a t  least as h i g h  as 
t h a t  of t h e  ac id-so luble  f r a c t i o n .  

Table 5 p r e s e n t s  t h e  e m p i r i c a l  formulae cor responding  to t h e  

$ formulae of Table 2 ,  and t h e  double-bond e q u i v a l e n t  number 

(DBE) of t h e  v a r i o u s  l i g n i n  p r e p a r a t i o n s .  Whereas t h e  d l l e d  wood 

aspen l i g n i n 2 2  (MWAL) p r e s e n t s  a DBE of 3.9 ,  EEEDAL has a h igher  

va lue  ( 4 . 5 ) .  'Ihe DBE's a f t e r  f r a c t i o n a t i o n  are lower i n  t h e  FAS 

and h igher  i n  the  FA1 f r a c t i o n s  r e s p e c t i v e l y .  Both D B E ' s  d e c r e a s e  

p r o p o r t i o n a l l y  a f t e r  e l e c t r o l y s i s ;  t h e  EFAS v a l u e  i s  i d e n t i c a l  t o  

t h a t  of the MJAL and t h e  EFAI is  s t i l l  h i g h e r ,  i n d i c a t i n g  t h a t  

t h i s  f r a c t i o n  may have more condensed s t r u c t u r e s .  

Table 6 p r e s e n t s  t h e  assignment of major l H  NMR peaks as well 

as the  peaks of t h e  C Q 4  e x t r a c t e d  f r a c t i o n  of t h e  a c e t y l a t e d  
EEEDAL. The d i s t r i b u t i o n  of t h e  pro tons  i n  t h e  NMR s p e c t r a  of the  

a c e t y l a t e d  d e r i v a t i v e s  of  t h e  l i g n i n s  d e s c r i b e d  i n  Table 1 (except  

t h e  VS f r a c t i o n s )  was determined fo l lowing  t h e  method of I s l d w i g s  

- a1.19 Due t o  t h e  o v e r l a p  of methoxy pro tons  w i t h  o t h e r  s i d e - c h a i n  

pro tons ,  the  a h a l y t i c a l  value for the  methoxy pro tons  w1s used, 

and s u b t r a c t e d  from t h e  i n t e g r a t e d  3.2-6.2 ppm r e g i o n  i n  o r d e r  t o  
assess the  a l i p h a t i c  proton c o n t e n t .  Che major d i f f e r e n c e  between 

t h e s e  s p e c t r a  and the  major i ty  of publ i shed  MWL d a t a  (e.g., r e f  

23) is  t h a t  the a romat ic  acetate reg ion  is m c h  more pronounced 

than the a l i p h a t i c  acetate, i n d i c a t i n g  a higher phenol ic  OH con- 

t e n t  than a l c o h o l i c  OH c o n t e n t  f o r  t h e  EEEDAL and l i g n i n s  

descr ibed  i n  Table 2 .  Table 4 p r e s e n t s  r e s u l t s  on t h e  d i s t r i b u -  

t i o n  of t h e  vakious types of pro tons  and the t o t a l  OH c o n t e n t  

(aromatic  and a l i p h a t i c ) .  The hydroxy c o n t e n t s  by proton NMR a r e  

20-40% higher  than those obta ined  by chemical  a n a l y s e s  or 1 3 C  NMR 
determina t ions  ( s e e  Table 7 ) .  Higher r e s u l t s  r e f l e c t  t h e  presence 

of  non-extracted materials, as well as t h e  l a r g e r  number of 

y-methyl groups i n  the  Hlbbert  ke tones  a c i d  h y d r o l y s i s  products  

which have i n t e n s e  peaks in t h i s  r e g i o n .  Proton NMR measurements 
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Table 5 .  Empirical formlas  and number of bond equivalents 
(DBE)a of EEEDAL, and l ign in  sarples described i n  
Table 1 .  

Sample Empi r i ca l  Ibrmula,  CAHBOC D B E ~  

EEEDAL C10.1H11.503.7 4 .4 f .05 

FAS- 1 2 ‘10 .jH1 1.6O4.5 4.5 f .2 

EFAS-12 c10 .2H12 .6O3 .9 3.9 .1 

FAI-12 ‘10 .lH1 1 .0°3 .4 4 .6 f -1 

E FAI-12 C10.1Hll .903.1 4 .2 f .1 

FAS-7 clo .2H11 .504 .1 4.5 f .1 

FA I- 7 c10 .2H10 .5O3 .6 4.9 f .1 

x 100)/2’i 

al’he double  bond e q u i v a l e n t  is c a l c u l a t e d  as (2  x A x 100 + 2 - B 

Table 6 .  Assignment of signals in the NlIR s p e c t r u m  of 
acetylated ethanol-extracted , steam-exploded aspen 
l ign in .  S e v e r a l  peaks are broad and have i r r e g u l a r  
s h a p e s .  6 v a l u e s  g iven  r e f e r  t o  t h e  h i g h e s t  p o i n t  of 
t h e  peak o r  t o  s h o u l d e r  ( s ) .  

6 Value,  ppm Assignment 

9 .90 
7 .28 
7.51 ( s h a r p )  

7.15 ( s h a r p )  
6.97 (b road)  
6.60 (broad)  
6 .03 (b road)  
5.33 

4 .56 
4.25, 4 -38 
3.83 (3.72s,  

2 -31 
2 .04 
1 .26, 0.89 

Fbrmyl p ro tons  in benzaldehyde u n i t s  
(3loroform s o l v e n t  
Aromatic p r o t o n s  l o c a t e d  o r t h o  t o  ca rbony l  
group 
Traces  of t o l u e n e  - Aromatic p r o t o n s  
Aromatic p r o t o n s  in g u a i a c y l  u n i t s  
Aromatic p r o t o n s  in s y r i n g y l  u n i t s  
Ha i n  8 - 0 4  and 6-1 s t r u c t u r e s  
I a r g e l y  from e x t r a c t i v e s ; *  p o s s i b l y  
phenylcoumaran s t r u c t u r e s  
Hg in 8 - 0 4  s t r u c t u r e s  
Y, i n  s e v e r a l  c o n f i g u r a t i o n s  
P ro tons  i n  methoxy groups p l u s  ”, s i d e  
c h a i n  c o n t r i b u t i o n s  
Aromatic a c e t a t e  
A l i p h a t i c  acetate 
Highly s h i e l d e d  a l i p h a t i c  p r o t o n s ;  a l s o  
c o n t a i n s  p r o t o n s  from t h e  e x t r a c t i v e s *  

3.89s) 

* U g n i n  wi th  low c o n t e n t  of e x t r a c t i v e s  from a s p e n .  h e  EEEDAL 
was e x t r a c t e d  in CQ4. ‘ H  NMR spec t rum of t h e  e x t r a c t e d  f r a c t i o n  
i s :  .878 m u l t i p l e t ;  1.255; 1.312; 1.599 t r i p l e t ;  2.018 b road ;  
2 .317 broad m u l t i p l e t ;  2.766 t r i p l e t ;  4 .149 q u a r t e t ;  5.34 
q u i n t e t .  
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524 CHUM ET AL. 

Table 7 .  S p a s  and approximate p r o p o r t i o n s  of OH groups/% 
formula der ived  from chemical  a n a l y s e s  and NHR a n a l y s i s  
of the  EEEDAL and 1Lgnin samples d e s c r i b e d  in l k b l e  1. 

Tota l  cp1 
Sample Analysis  '%hen OHaliph 

EEEDAL 1 .2 0 .72a  0 . 4 P  
0 .6ab 0.54b 

FAS- 1 2  1 .3 0 A6 0 .44 

EFAS-12 1 .4 0 .Boa 0 .63a 
0 .gob 0 .60b 

FAI-12 1 .1 0 .64a 0.46' 

EFAI-12 1 . 1  0 .6 0 .5 

0.9 -- FAS-7 -- 
FAI-7 1 . 1 5  0 .63 0 .52 

aAnaly t ica l  d a t a  only ,  if., t o t a l  CH determined by methylat ion 
followed by OCH3 de  te rmina t lon  accord ing  t o  r e f e r e n c e  1 1  ; 
phenol ic  OH determined by conduct imet r ic  method. 

bRom 1 3 C  NMR 

of hydroxyl conten t  a r e  u s u a l l y  20% higher  than o t h e r  a n a l y t i c a l  

methods .23 

The phenol ic  and a l c o h o l i c  OH c o n t e n t s  a r e  assembled in 

Table 7 .  Cbnflrmlng t h e  I H  NMR s p e c t r a ,  t h e  phenol ic  OH c o n t e n t  

i s  higher  than t h e  a l i p h a t i c  OH c o n t e n t  f o r  a l l  l i g n i n s  i n v e s t i -  

gated in t h i s  work. Whereas FA1 and E F A I  l i g n i n s  have a lower 

phenol ic  OH than EEEDAL, the  FAS, EFAS, W S ,  and E N S  have a much 

h igher  phenol ic  OH c o n t e n t ,  approaching u n i t y / % .  Whereas a 

marked i n c r e a s e  i n  a l i p h a t i c  OH c o n t e n t  is observed in going from 

FAS t o  EFAS and from FA1 t o  E F A I ,  t h e  phenol ic  OH c o n t e n t s  remain 

c o n s t a n t  t o  wi th in  the experimental  e r r o r .  However, s i n c e  the 

e f f e c t i v e  amount of EFAS + E N S  is higher  than t h a t  of FAS + FVS, 

o v e r a l l  we a l s o  observe a modest i n c r e a s e  i n  phenol ic  OH conten t  

in the  ac id-so luble  l i g n i n s  ( A S  + VS)(See Table 1 ) .  

Figure 3 compares the  a c e t a t e  (>C=O) reg ion  of the  1 3 C  NMR 

s p e c t r a  of EFAS and E F A I .  Primary, secondary ,  and aromat ic  ace- 
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EFAl L 

I 1 I I 

t 70 150 170 150 
PPM PPM 

Figure 3 .  1 3 C  NMR Spect ra  of k e t y l a t e d  EFAS-12 and EFAI-I2 i n  

the  150-170 ppm Range. [ S A  (3 /5)  = carbons i n  

p o s i t i o n s  3 and 5 of a c e t y l a t e d  s y r i n g y l  groups.)  

t a t e  peaks can be seen from t h e s e  s p e c t r a  as well as the  marked 

d i f f e r e n c e s  i n  the  d i s t r i b u t i o n  of t h e s e  OH groups in t h e  f r a c -  

t i o n s .  Increases  i n  both primary and secondary hydroxy groups are 

observed a f t e r  e l e c t r o l y s i s .  A more pronounced i n c r e a s e  i s  ob- 

t a i n e d  i n  going from FAS t o  EFAS sugges t ing  t h a t  t h i s  f r a c t i o n  had 

a l a r g e r  amount of Hlbbert-ketone type products  ( see  below).  

Exhauative Hlectrolyaia 

The e l e c t r o l y s e s  experiments  d e s c r i b e d  i n  t h i s  m r k  consumed 

2 9 0 0  C of charge /3  g of l i g n i n .  Since t h e  c o n s t a n t  p o t e n t i a l  a t  

which the reduct ion  was c a r r i e d  out  is  c l o s e  t o  t h e  end of the  

u s e f u l  e lec t rochemica l  c a t h o d i c  window of t h e  m e t h a n o l / t e t r a e t h y l -  

ammonium p e r c h l o r a t e  s o l v e n t  system, the  a n a l y s i s  of the charge 

consumed needs t o  take the  s o l v e n t  decomposition i n t o  account  ( H 2  

e v o l u t i o n ) .  Assuming t h a t  the background c u r r e n t  is unchanged by 

a d d i t i o n  of t h e  l i g n i n ,  one can c a l c u l a t e  the  charge a s s o c i a t e d  
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w i t h  t h i s  r e a c t i o n .  'Ihis assumption is reasonable  s i n c e  in these  

e l e c t r o l y s e s  t h e  c u r r e n t  decreases  e x p o n e n t i a l l y  t o  a value c l o s e  

t o  t h a t  of the  background c u r r e n t  a t  which poin t  t h e  e l e c t r o l y s i s  

is i n t e r r u p t e d .  'Ihe background r e a c t i o n  charge consumption was 

es t imated  as (1.0 f 0.2 x 1 0 3 ) C .  

From the  a n a l y t i c a l  r e s u l t s  shown i n  'IBble 2, a major elec- 

t rochemical  r e a c t i o n  is t h e  r e d u c t i o n  of carbonyl  groups t o  hy- 

droxy groups ( e i t h e r  d i r e c t l y  or through the  p a r t i c i p a t i o n  of the  

reduced ammonium s a l t )  : 

I 
CbO + 2e' + 2H+ + If-C-OH \ 

/ I 

which consumes 2Flmol of carbonyl  groups .  Ihe consumption of 

charge f o r  carbonyl  groups of 3 g of l i g n i n  is 700-900 C (average 

of s e v e r a l  e l e c t r o l y s e s ) .  

The a c i d  h y d r o l y s i s  of the  l i g n i n s  d u r i n g  t h e  explos ive  

decompression l e a d s  t o  an increased  f r e e  phenol ic  c o n t e n t  due t o  

the cleavage of 8-0-4  a lkyl -a ry l  e t h e r  bonds. In a d d i t i o n ,  u-0-4 
a l k y l  a r y l  e t h e r  bonds OK bonds between t h e  l i g n i n  and t h e  h e d -  

c e l l u l o s i c  f r a c t i o n  are a l s o  e a s i l y  hydrolyzed under these  condi- 

t i o n s .  Therefore  a-hydroxy groups are l i b e r a t e d  . 
The carbonyl  compounds formed under a c i d  h y d r o l y s i s  condi- 

t i o n s  are the  Hibbert  ke tones ,  which could be reduced under t h e  

p r e s e n t  e l e c t r o l y t i c  c o n d i t i o n s .  h n d q u i s t P 6  reviews the low- 

molecular weight l i g n i n  a c i d  h y d r o l y s i s  p r o d u c t s .  'Ihe more l i k e l y  

low-molecular weight products  which could be reduced under these  

c o n d i t i o n s  inc lude :  G- o r  S-CH2COCH3; G- OK S-COCOCH3; G- O r  

gua iacyl  and S = s y r i n g y l  g r o u p ] .  Benzyl e t h e r  s t r u c t u r e s  would 

a l s o  be reduced. Estimates of t h e i r  p o s s i b l e  c o n c e n t r a t i o n  would 

lead  t o  a consumption o f  -20 C.  

S-QIOH 0-i G O r  S-CCkQIOH-; G Of S-cH2cHO; G-QI=QI-G OK S; [ G  9 

Uni ts  in which carbonyl  groups are a d j a c e n t  t o  3-0-4 a l k y l  

a r y l  e t h e r  bonds are a c t i v a t e d  f o r  e t h e r  bond r e d u c t i o n ,  as 

observed by &man i n  r e l a t e d  compounds. In f a c t ,  a model compound 
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ELECTROCHPIISTRY OF MATERIALS I 527 

such a s  G-CO-CHzo-G presents  reduction waves a t  a hanging mercury 

drop e l ec t rode  a t  about -2.1 and -2.4 V E. Ag/AgQ in 
methanol/tetrabutylammonium perchlora te  supporting e l e c t r o l y t e ,  

waves t h a t  are very c lose  to  the background (as  observed f o r  the  

l i g n i n ) .  Ether cleavage is observed in t he  reduction,25a confirm- 

ing  r e s u l t s  of h s s i a n  wDrkers.25b It is i n t e r e s t i n g  to  no t i ce  

t h a t  in methanol, fo r  model compounds conta in ing  f r e e  phenolic 

groups, the reduction waves occur a t  nuch more negative po ten t i a l s  

than i f  the phenolic groups a r e  pro tec ted  by benzyl o r  methyl 

groups.25a [ b r  ins tance ,  fo r  the 0-benzyl de r iva t ive  two waves 

a r e  observed at  -1.47 and -1.77 V Ag/AgCL with slopes of t h e  

log  i / ( i L - i )  p l o t s  of -70 and 270 mV/decade; upon reduction a t  

-2.3 V v s .  Ag/AgCL guaiacol and benzyl a lcohol  were de tec ted . ]  

Additionally,  s ince  a t  -2.6 V E. Ag/AgQ, condi t ions  c lose  

t o  so lva ted  e l ec t ron  formation are achieved, i t  is possible t h a t  

8-&4 e the r  l inkages a r e  c leaved .  b r  a two-electron process,  the  

remainder of charge [3000-1000-(700 t o  900)-201 - 1280-1080 C 

corresponds t o  about 6-7 mmoles of reducib le  groups.  

The cleavage of the 8-0-4 a lky l  a r y l  e the r  bonds m u l d  lead 

t o  an increase  in the fragmentation of the polymer and cause a n  

increase  in the amount of acid-soluble and very-soluble f r a c t i o n s  

and in the phenolic OH conten t ,  both of which a r e  observed. 

During the e l ec t ro lyses  a t  pH 12 i t  is poss ib le  t h a t  a t  the l eve l  

of the e l ec t rode  base-promoted conjugate add i t ions  could have 

taken place t o  some ex ten t .  (Xlr subsequent s tud ie s  a t  cont ro l led  

pH (<9) ind ica t e  tha t  no condensation r eac t ions  occur but only 
depolymerization .27 The condensation r eac t ions  could involve 

quinone-methide o r  side-chain enone s t r u c t u r e s  and carbanions from 

the  phenolic o r  enol ic  u n i t s  .28 Such condensation r eac t ions  could 

lead  t o  the observed increase  in number-average molecular 

weight.  The molecular weight d i s t r i b u t i o n  of EEEDAL and of the 

f r a c t i o n s  obtained a f t e r  f r a c t i o n a t i o n  have been descr ibed  .29 

Rom the high-performance s i z e  exclusion chromatograms obtained 

a f t e r  e l e c t r o l y s i s  (EFAI t o  EFAS), one can obta in  t h e i r  weight- 
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528 CHUM ET AL. 

Table 8 .  Iblecular-rreight distribution of EEEDAL compared to 
those of selected l ignin samples described in  Tkble 1. 

Sample % % P o l y d i s p e r s i t y  Reference 
~~~ ~ ~~ 

EEEDAL 1 9 8 0  925 

FA I 2 1 3 0  1070 

E FA1 2250 1 4 8 0  

E FAS 1 4 3 0  1000 

~~~ 

2 .1 

2 .o 
1 .5 

1 .4 

~~ 

29 

29 

t h i s  work 
t h i s  work 

average (\) and number-average (%) molecular  weight as w e l l  as 

the ' p o l y d i s p e r s i t i e s  (%/%) f o r  t h e  f r a c t i o n s  i s o l a t e d  a f t e r  

e l e c t r o l y s i s  compared t o  those  obta ined  a f t e r  f r a c t i o n a t i o n .  

Table 8 compares these  d a t a  f o r  t h e  polydisperse  m a t e r i a l s  EEEDAL, 

FAI, E F A I  and EFAS.  FAS e x h i b i t s  p a u c i d i s p e r s i t y  ( d i s t i n c t  

monomers, dimers ,  t r imerasand  t e t r a m e r s ) ;  a rough estimate of t h e  

polydisperse  f r a c t i o n  g i v e s  f o r  and % -1400 and -750, 

r e s p e c t i v e l y .  After e l e c t r o l y s i s  a l l  t h e  chromatogranm are 

c h a r a c t e r i s t i c  of polydisperse  materials. These d a t a  sugges t  t h a t  

e l e c t r o l y s i s  decreases  the  p o l y d i s p e r s i t y  of t h e  l i g n i n s  from -2 
t o  - 1 . 5 .  As e t h e r  bonds are c leaved ,  lower molecular weight 

en t i t i es  are genera ted ,  t h u s  e x p l a i n i n g  t h e  change i n  
f ragmentat ion p a t t e r n  (changes in t h e  amount of p o l a r  Cm groups 
would a l s o  a f f e c t  t h e  f r a c t i o n a t i o n  p a t t e r n ) .  The remaining 

i n s o l u b l e  f r a c t i o n  has a h igher  number average molecular weight 

probably due t o  e lec t rochemica l  coupl ing  r e a c t i o n s .  

CaNcIIISIoN 

The e thanol -ex t rac ted  explos ive ly-depressur ized  aspen 

(Populus t remulo ides)  lignin (EEEDAL) has been c h a r a c t e r i z e d  with 

r e s p e c t  t o  i t s  f u n c t i o n a l  group composi t ion and r e d u c t i v e  elec- 

t r o l y s i s  in mthanol/tetraethylammonium p e r c h l o r a t e  s o l v e n t  sys- 

t e m .  A f r a c t i o n a t i o n  procedure was developed to recover  a l a r g e  

f r a c t i o n  of the l i g n i n  by d i f f e r e n t i a l  s o l u b i l i t y  in aqueous ac id  
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s o l u t i o n .  Twlo d i f f e r e n t  types  of l i g n i n s  are i s o l a t e d  under t h e s e  

c o n d i t i o n s  p r i o r  t o  e l e c t r o l y s e s :  (1) An ac id- inso luble  material 

wi th  a phenol ic  OH c o n t e n t  -10% smaller than t h a t  of t h e  o r i g i n a l  
EEEDAL, and similar a l i p h a t i c  OH c o n t e n t .  This material has a 

h igher  double-bond e q u i v a l e n t  and appears  t o  be more condensed 

than the  a c i d  s o l u b l e  f r a c t i o n s .  ( 2 )  An ac id-so luble  f r a c t i o n  

which has  a phenol ic  c o n t e n t  approaching 1 per  % formula and a 

similar a l c o h o l i c  CH c o n t e n t .  A f t e r  e l e c t r o l y s e s  t h e  amount of 

low molecular weight a c i d  s o l u b l e  materials of h i g h  phenol ic  OH 

c o n t e n t  i n c r e a s e s ,  as well as t h e  a l c o h o l i c  OH c o n t e n t  of a l l  t h e  

f r a c t i o n s ,  i n d i c a t i n g  c leavage  r e a c t i o n s  and carbonyl  group reduc- 

t i o n s .  One major e f f e c t  of e l e c t r o l y s e s  is on t h e  molecular  

weight d i s t r i b u t i o n  of t h e  r e s u l t i n g  polymers. Whereas the start- 
ing material ( o r  f r a c t i o n a t e d  m a t e r i a l s )  have p o l y d i s p e r s i t y  of 

-2 ,  t h e  r e d u c t i v e l y  e l e c t r o l y z e d  materials have a p o l y d i s p e r s i t y  

of 1.5. Csrbonyl r e d u c t i o n ,  6-0-4 a l k y l  e t h e r  r e d u c t i v e  c leavage ,  

and r e d u c t i v e  coupl ings are t h e  major r e a c t i o n s  compatible  w i t h  

t h e  a n a l y t i c a l  r e s u l t s  and t h e  molecular  weight d i s t r i b u t i o n  

observed .  
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