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STRUCTURAL ASPECTS OF LIGNINS FROM 
EUCALYPTUS REGNANS WOOD STEAM EXPLODED BY THE IOTECH 

AND SIROPULPER PROCESSES 

Jacqueline A. Hemmingson 
DSIR, Chemistry Division 

Private Bag, Petone, New Zealand 

ABSTRACT 

The lignins extractable by acetone from 
Eucalyptus regnans wood after steam explosion treatment 
by either the Canadian Iotech Process1 or the 
Australian Siropulper Process2 have been examined by 
I3C NMR spectroscopy. 
structural changes which are discussed, compared f o r  
the two processes and compared with those for another 
hardwood (aspen) and a softwood (Pinus radiata). IR, 
Mhi and elemental analysis data are also discussed. 

The structural changes resulting from the two 
processes are quite similar and dominated by B-ether 
cleavage. The modified structures found in E.re nans 
lignin differ from those found in the l i g n i n e  
P. radiata and aspen in the amount and variety of 
reduced side-chain groups and in the amount of 
demethylation of aromatic moieties. Structural changes 
include elimination of hydroxy-groups and formation of 
carbonyl groups, a,B-unsaturation and carbon-carbon 
linkages. 

Comparison with MWL showed 

INTRODUCTION 
Steam explosion processes, which involve the 

hydrolytic breakdown of wood structure, greatly 
improve accessibility of the wood carbohydrate 
components to, for example, bioconversion processes 
giving liquid and gaseous fuels and protein.3 They 
also give low molecular weight, soluble and reactive 
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FIGURE 1. Resolution enhanced 13C NMR spectrum of 
E .  regnans IP.EWL in acetone-d6/H20 ( 9 : l ) .  

l i g n i n s ,  which have considerable p o t e n t i a l  f o r  high 

value u t i l i s a t i o n .  The s t r u c t u r e  of  these  l i g n i n s  
from d i f f e r e n t  spec ies  of wood and d i f f e r e n t  

explosion processes  i s  therefore  of i n t e r e s t  and t h i s  
paper reports a s tudy of t h e  acetone so luble  l i gn ins  
ex t r ac t ed  from t h e  hardwood Eucalyptus regnans a f t e r  
t reatment  by two somewhat d i f f e r e n t  types of steam 
explosion process . l r2  
1 3 C  NMR, but  some I R ,  MW and elemental  ana lys i s  da ta  
a r e  included. Comparison is  with E .  regnans MWL and 
exploded wood l i g n i n s  from two o the r  wood spec ies ,  
namely Pinus r a d i a t a  and aspen (Populus tremuloides) . 

The major technique used was 

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



STRUCTURAL ASPECTS OF LIGNINS 515 

39 

2a 

1 

23 

0 

2 

6 

5 

i 
5 

I 

L 
200 isa 100 50 

F I G U R E  2. Resolution enhanced 1 3 C  NMR spectrum of 
SP.EWL i n  acetone-dS/HzO (9:l) and 

RESULTS AND DISCUSSION 

13c NMR Spect ra  

aCetOne-dg/H20 (9:l) (see Experimental) .  Spectra  a r e  
shown i n  F igs .  1 and 2 f o r  exploded wood l i g n i n s  

( E m ’ s )  from Io tech  processed (IP) and Si ropulper  
processed (SP) 5 .  regnans wood and i n  Fig.  3 f o r  mi l led  
wood l i g n i n  (MWL). T h e  solvent-obscured region of 
SP.EWL was examined i n  DMSO-d6 and it i s  shown 

superimposed i n  Fig.  2 .  The spectrum of a c e t y l a t e d  

T h e  l i g n i n s  w e r e  examined a t  2 0  MHz i n  
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F I G U R E  3 .  Resolut ion enhanced 3C NMR specrum of 
E. regnans MWL i n  acetone-d6/H20 ( 9 : l ) .  

SP.EWL is  shown i n  F ig .  4 .  Signa l  assignments based 

on l i t e r a t u r e  d a t a  f o r  l i g n i n s  and model compounds are 
shown i n  Tab le  1 t o g e t h e r  with s i g n a l  m u l t i p l i c i t i e s  
determined f o r  t h e  90-100 pprn region of SP.EWL.4'6 
S i g n a l s  i n  a c e t y l a t e d  l i g n i n  spectra were a l s o  a s s igned  
from l i t e r a t u r e  data . '  
e s t a b l i s h e d  l i g n i n  s t r u c t u r e s  and some new s t r u c t u r e s  
l i k e l y  t o  be  p r e s e n t  i n  t h e  EWL's. 

The assignments are t o  both 

1 The 0-50 ppm Region 

The spectra of t h e  E. regnans Em's show on ly  two 
prominent o r  s i g n i f i c a n t  s i g n a l s ,  v i s i b l e  when DMSO-d6 
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F I G U R E  4.  Resolut ion enhanced l 3 C  NMR spectrum of 
E .  regnans a c e t y l a t e d  SP-EWL i n  acetone-dg. 

i s  t h e  s o l v e n t ,  i n  t h i s  region.  This i s  i n  c o n t r a s t  t o  
P .  r a d i a t a  EWL. Steam explosion of P . r a d i a t a  wood 
r e s u l t e d  i n  a wide range of prominent o r  s i g n i f i c a n t  
s i g n a l s  i n  t h i s  r eg ion ,  ass igned t o  reduced (non- 
oxygen-bound) s ide-chain carbon. A number of s i g n a l s  
w e r e  also observed i n  t h e  spectrum o f  t h e  EWL from 
aspen d i s s o l v e d  i n  DMSO-dg.8 
(1 and 2 ) ,  which occur a t  28.9 and 30.6  ppm 
r e s p e c t i v e l y ,  have chemical s h i f t s  c o n s i s t e n t  w i th  
assignment t o  b r i d g i n g  methylene carbon ( i n ,  f o r  
example, a 5-5 l i n k e d  diguaiacylmethane s t r u c t u r e )  and 
t o  a y-methyl group a d j a c e n t  t o  a B-carbonyl group 
(Table 1). 

The t w o  signals observed 
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TABLE I 

1 3 C  NMR Assignments 

NO. 6 

- 

M 
~~ 

1* 

2* 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

1 3  

14 

15 

16 

17 

18 

19 

20 

28.9 - 
30.6 - 
5 0 . 4  CH 

55.0 CH 

55.7 ? 

56.5 CH3 

61.0 CH2 

CH2 

3 
60.1 CH/CH 

63.7) 

64.41 

70.0- 71.5 CHz/CH? 

72.3 a 2  
1 3 . 4  CH/CH2? 

77.4 - 
82.8,  

83.9-84.2) 

85.5-85.7, ) 

86.7 

87.9,  

88.4-88.61 

1 CH 

1 CH 

) CH 

CH2 i n  ArCH2Ar 

y-Me a d j .  8-CO 

C 8  i n  8-5 

c8 i n  8-8 
O W  

OMe 4. ? 

Cy i n  8-0-4 

Cy i n  8-0-4 wi th  a-CO, cinnamyl a l c o h o l s ,  

cy i n  8-5, 8-1, ~8 i n  8-1 
Cy i n  a l k y l  ethers and lignan l a c t o n e s  

c( i n  8-B,a-o-y 
ca i n  8-0-4, CY i n  a l k y l  e t h e r s  

CB i n  6 - 0 4  w i t h  a-co, Ca i n  a l k y l  

e t h e r s  

C 5  i n  8-0-4 wi th  a-OH, CO, OR etc. 

ca i n  ~ - B . C C - O - Y  

ca i n  8-5 

M = m u l t i p l i c i t y  of carbon,  SP.EWL spectrum; 

- n o t  determined;  S = s y r i n g y l ,  G = g u a i a c y l .  

* 6 i n  DMSO-d6; 

(continued) 
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No. 6 Assignments 

Se in syringaresinol, syringic acid etc. 216 2 1  104.2-104.4,)  

22 105.0 

23 106.3 

24 107.1 

25 107.7 

26 110 .1  

27 112.3 

2 8  115.7 

29 120.1 

30 127.4 

3 1  130.7 

32 132.6 ) 
1 

33 133.6 ) 

Seef in 8-0-4, @-1(A ring) 

Serf with a,B unsaturation, a-CO, a-cHo, 
2.6 

) 
) 2,6  

1 

34 134.8-135.8 

35 138.5 

36 147.0 

) 

) 

) in a-6' and in & 1 ( B  ring) 

G2 in 6 - 5 @  ring), G2 with a,$-unsat. 

side-ch. 

G2 in B-0-4 with a-OH and in general 

G5,  PHP3,5, C2,5 in catechol 

G6 in general 

~6 with a-CO, cat$ unsaturation (e.9. 
ca or ca,B in stilbenes) 
G l r G S  in 8-5@ ring), G1 with a,$- 
unsat. side-ch., Ca in cinnamyl alc.  

C$ in cinnamaldehyde, 5 1 G l  in $-1(B Ring) 

etc., G 1  and Ca,8 in $-1 with a,B 

unsaturation (A  ring) 

37 148.6 

38 150.2 

39 153.5 ) 
) 

40 154.0 ) 

4 1  188.4 

42 192.3 

43 195.0 

55,s. G3 

G t  

S f , 5  

Ca in cinnamaldehyde 

>c-0 

O-CHO 

a-CO, a,$-unsat. y-CHO 
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520 HEMMINGSON 

2 The 50-100 ppm Region 
S i g n a l s  f o r  8-0 -4  , 6-6 (p ino / sy r inga res ino l )  and 

8-5 side-chain s t ruc tu res  are observed i n  t h e  s p e c t r a  

of  both Em's, b u t ,  whereas t h e  s i g n a l s  f o r  8-8 and 8-5 
l i n k e d  u n i t s  appear  t o  have similar i n t e n s i t i e s  t o  
those  of MWL, s i g n a l s  13 and 17-18 f o r  ( o r  c o n t a i n i n g )  
CCL and CB i n  8-0-4 l i n k e d  u n i t s  appear t o  be a t  least  
halved i n  i n t e n s i t y .  (Only estimates are of  cour se  
p o s s i b l e  w i t h  t h e s e  s p e c t r a . )  S i g n a l  8 €or C y  i n  
8-0-4 u n i t s ,  i s  reduced i n  h e i g h t  and broadened and 
a weak shou lde r  ( 7 )  a t  6 0 . 1  ppm becomes prominent and 
r e so lved ,  p a r t i c u l a r l y  i n  1P.EWL. A shou lde r ,  v i s i b l e  

i n  t h e  expanded s c a l e  s p e c t r a ,  a l s o  appears  a t  61.5- 
6 1 . 7  ppm. Using h ighe r  f i e l d  spec t romete r s ,  s i g n a l s  4 

and 5 a t  55.0 and 55.7 ppm have been assigned t o  C6 i n  
8-5 and B-8 l i n k e d  units r e s p e ~ t i v e l y . ~  I n  a c e t y l a t e d  

SP.EWL (Fig.4)  , C 6  i n  B-6 i s  a t  55.2 pprn and CB i n  6-5, 
8-1 g i v e s  a broad s i g n a l  a t  51.2 ppm, which probably 
has  a c o n t r i b u t i o n  from t h e  weak 50.4 pprn s i g n a l  of  t h e  
unde r iva t i zed  l i g n i n  . 

There i s  l i t t l e  evidence for t h e  presence of B-1 
l i n k e d  s t r u c t u r e s  with an a-hydroxy-group i n  e i t h e r  EWL, 
o r  i n  MWL, as s i g n a l s  i n  t h e  75.0 ppm reg ion  appear t o  
be i n s i g n i f i c a n t . 9  The C6,y  i n  8-1, Cy i n  6-5 s i g n a l s  
(9 and 10) a t  63.7-64.4 ppm are weak i n  both EWL's and 
t h e  m u l t i p l i c i t y  de t e rmina t ion  gave no i n d i c a t i o n  of a 
CH component. I n  c o n t r a s t ,  t h e  sha rp  s i g n a l  i n  MWL 

appears  t o  be s t r o n g e r  ( r e l a t i v e  t o ,  f o r  example, t h e  

s i g n a l s  f o r  CR i n  6-B and 6-5 l i n k e d  u n i t s )  and it i s  
n o t  r e so lved .  Therefore ,  8-1 l i nked  u n i t s ,  which are 
thought t o  comprise 7-15% of bond types  i n  b i r c h  and 
beech l i g n i n s , 1 °  can on ly  be assumed t o  be p r e s e n t  i n  
t h e  l i g n i n s  from E .  regnans.  The i r  presence could be 
obscured by having o t h e r  s u b s t i t u e n t s  a t  Ca, e . g .  i n  
t h e  case of MWL, s u b s t i t u e n t s  g iv ing  e t h e r  l i n k a g e s , l l  
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STRUCTURAL ASPECTS OF LIGNINS 5 2 1  

and,  i n  t h e  case o f  t h e  EWL's , a-6 ' l i n k a g e s .  
Unfo r tuna te ly ,  r e l e v a n t  chemica l  s h i f t  d a t a  are n o t  

a v a i l a b l e  o r  t h e  s i g n a l s  would be ove r l apped  by t h o s e  

o f  o t h e r  s t r u c t u r e s .  I t  may be notewor thy  t h a t  a 
s i g n a l  a t  66 .1  ppm i n  MWL h a s  n o t  been a s s igned  and 

t h a t  no s i g n a l  h a s  been a s s i g n e d  t o  Ca i n  t h e  s p e c t r a  

o f  t h e  l i g n i n s  f r o m  aspen .*  

t h e  EWL's h a s  an u p f i e l d  meth ine  o r  methyl  carbon 
component, o r  components, which cou ld  be 50% of t h e  

s i g n a l  and i n c l u d e s  t h e  60 .1  ppm s h o u l d e r  ( 7 ) .  

A c e t y l a t i o n  does  n o t  a f f e c t  t h e  u p f i e l d  components o f  

t h i s  s i g n a l ,  as a broad s i g n a l  a t  60.2-61.6 ppm wi th  

an  i n t e n s i t y  a b o u t  h a l f  t h a t  o f  t h e  signals f o r  C y  i n  

8-0-4 u n i t s  ( a t  63.5-64.4 ppm) i s  observed  ( F i g .  4 ) .  

The more h inde red  methoxy-group of s y r i n g y l  m o i e t i e s  

s u b s t i t u t e d  a t  C2 o r  C6 as a r e s u l t  of condensa t ion  

r e a c t i o n s  c o u l d  make a s u b s t a n t i a l  c o n t r i b u t i o n  t o  

t h e  signal 7 r e g i o n ,  as chemica l  s h i f t s  o c c u r r i n g  i n  
t h i s  r e g i o n  have been r e p o r t e d  f o r  s i m i l a r l y  h inde red  

methoxy-groupsA2 

c o n t r i b u t i o n  a r i s i n g  from B - 1  l i n k e d  units i n  t h e  

absence  o f  data f o r  model compounds and d e f i n i t e  

ev idence  f o r  t h e i r  p re sence  i n  MWL. 

Spectrum Deta i l  

( a )  A weak s i g n a l  (3 )  a t  50.4 ppm i n  t h e  EWL's cou ld  
i n d i c a t e  t h e  p re sence  o f  Ca i n  a-1,B-ether l i n k e d  

s t r u c t u r e s . 6  These cou ld  be formed, f o r  example, by 

n u c l e o p h i l i c  a d d i t i o n  of a n  a r y l  u n i t  t o  t h e  a-carbon 

a t o m  of a p r o t o n a t e d  CgC2-enof e t h e r  formed d u r i n g  

h y d r o l y s i s  o f  8-0-4 l i n k e d  s t r u c t u r e s . 1 3  

obscured  by signal 13.  

(b)  A q u i t e  prominent  s i g n a l  a t  7 7 . 4  ppm g iven  by 
IP.EWL ( s i g n a l  1 4 )  i s  a b s e n t  from b o t h  SP.EWL and MWL. 

The broadened Cy i n  8-0-4 s i g n a l  a t  61 .0  ppm i n  

One can o n l y  s p e c u l a t e  about  a 

CB would be  
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522 HEWINGSON 

Cct,B i n  8-0-4 u n i t s  w i th  a y-methyl s u b s t i t u e n t  would 
occur  a t  77.5 and 88.8 ppm.14 
1 6 . 3  ppm is  d e t e c t a b l e ,  b u t  t h e r e  may be a weak s i g n a l  

2 ppm u p f i e l d .  
(c) S igna l  15 a t  8 2 . 3  pprn i n  MWL, which has  been 
a s s igned  t o  C8 i n  0-0-4 wi th  a-CO, or Cct i n  non-cyclic 
and l i gnan  monocyclic a l k y l  e t h e r s  ,5 appears  t o  be 
weaker i n  bo th  of  t h e  EWL's. I t  i s  n o t  a f f e c t e d  by 
a c e t y l a t i o n ,  which s u p p o r t s  assignment t o  Ca i n  e t h e r s .  
(d )  Weak s i g n a l s  a t  70.0-71.5 ppm i n  t h e  spectrum of  
SP.EWL, which w e r e  a s s igned  i n  t h e  case o f  P .  r a d i a t a  
EWL t o  Cy i n  a l k y l  e t h e r s  and l i g n a n  l a c t o n e s  are n o t  
s h i f t e d  by a c e t y l a t i o n  and they  appear t o  be due 

p r i m a r i l y  t o  methylene carbon.  

Conclusions Regarding Side-Chain Modif icat ion 
(i) Changes i n  s i g n a l  i n t e n s i t i e s  (see above) i n d i c a t e  
t h a t  c leavage of a t  least  50% of the major 8-0-4 l i n k -  
ages  is t h e  major e f f e c t  of steam exp los ion  t reatment  
on abundant units of  t h i s  hardwood l i g n i n .  Cyc l i c  
e t h e r  bonds are n o t  c l eaved ,  while  t h e  presence and 
mod i f i ca t ion  of B - 1  l i n k e d  s t r u c t u r e s  i s  u n c e r t a i n .  I f  

t h e  abundance of  0-0-4 l i n k a g e s  w a s  o r i g i n a l l y  about 
60%,4,9 t h e  abundance i n  the EWL's is  l i k e l y  
to  be (30%. I n  a d d i t i o n ,  i f  t h e  o r i g i n a l  d i s t r i b u t i o n  
of  i n t e r u n i t  l i nkages  w a s  s imi l a r  t o  t h a t  of beech or 
b i r c h  l i g n i n ,  lo carbon-carbon i n t e r u n i t  l i nkages  i n  t h e  
EWL's, wi thou t  i nc lud ing  t h o s e  formed i n  condensation 
r e a c t i o n s  d u r i n g  h y d r o l y s i s ,  should be of  s i m i l a r  
abundance to  8-0-4. 
(ii) Only minor p rocess  d i f f e r e n c e s  are observed. 
D i f f e rences  i n  t h e  abundances of modified s t r u c t u r e s  
would arise from d i f f e r e n c e s  i n  p rocess  temperature ,  
cooking t i m e  and p o s s i b l y  technique o f  p r e s s u r e  release, 
a f f e c t i n g  t h e  r e l a t i v e  rates and p roduc t s  of  d e l i g n i f i -  
c a t i o n  and mod i f i ca t ion  r e a c t i o n s .  

N o  s i g n a l  f o r  y-Me a t  
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STRUCTURAL ASPECTS OF LIGNINS 523 

(iii) Spec ie s - r e l a t ed  d i f f e r e n c e s  are observed,  e.g.  
i n  t h e  c o n t e n t  and v a r i e t y  of  reduced s ide-chain 
groups g i v i n g  s i g n a l s  i n  the 0-50 ppm reg ion .  
( i v )  The broad s i g n a l  f o r  methine o r  methyl carbon, 
which c o n t r i b u t e s  t o  t h e  Cy i n  8-0-4 s i g n a l  is 
r easonab le  evidence f o r  the presence of hindered 
aromatic  methoxy-groups a r i s i n g  f r o m  condensation 
r e a c t i o n s .  The methylene carbon of hydroxymethylated 
aromatic  r i n g s  can a l s o  occur  i n  t h i s  region,6 (see (v) 

below),  and a minor c o n t r i b u t i o n  would n o t  a f f e c t  t h e  
m u l t i p l i c i t y  de t e rmina t ion .  A c o n t r i b u t i o n  a r i s i n g  
from 8-1 u n i t s  i s  only a p o s s i b i l i t y .  

(v)  A s i g n i f i c a n t  amount o f  condensation of aromatic 
carbon with formaldehyde t o  g i v e  diarylmethane 
s t r u c t u r e s  appears  t o  have taken p l a c e  ( s i g n a l  1). 
Formaldehyde i s  a product  of h y d r o l y s i s  r e a c t i o n s ,  
formed by e l i m i n a t i o n  of  0.  lo 

( v i )  Hydrolysis products  of  8-0-4 l i nked  units are 
t h e  most probable  source of t h e  B-CO with y-Me s ide -  
c h a i n s ,  which appear t o  make a s u b s t a n t i a l  c o n t r i b u t i o n  
t o  s ide-chain s t r u c t u r e  ( S i g n a l  2 )  .lo They can a l s o  
be formed from ,6-1 l i nked  units with accompanying 
migrat ion o f  t h e  a r y l  group t o  t h e  a-carbon atom.10 

3 The 100-160 ppm Region 
Both EWL's g ive  S2,6 (C2,6 of s y r i n g y l  u n i t s )  

s i g n a l s  of  similar composition, b u t  t h e r e  appear t o  be 
d i f f e r e n c e s  i n  component abundances. For example, i n  
SP.EWL, t h e  peak observed a t  107 .7  ppm i n  IP.EWL (25) i s  
o n l y  a shoulder  on t h e  1 0 7 . 1  ppm peak ( 2 4 1 ,  while t h e  
l a t t e r  is  on ly  a shoulder  i n  1P.EWL. In  t h e  s p e c t r a  of 
kthEWL's, t h e  i n t e n s i t y  of t h e  u p f i e l d  s i g n a l  band 
a t  104-105 ppm ( 2 1 - 2 2 ) ,  corresponding t o  S2,6 i n  major 
u n i t s  (8-0-4, 8-B,  6-1 (A r i n g )  1 , i s  no more than t w i c e  
t h a t  of  t h e  downfield s i g n a l  band a t  1 0 6 - 1 0 8  ppm 
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524 HEHUINGSON 

( 2 3 - 2 5 ) ,  which corresponds t o  s i g n a l s  i n  u n i t s  with 
u,B-unsaturated,  cr-CO, a - 6 ' ,  etc .  groups and l inkages  
and i n  8-1  units (B r i n g ) .  I n  c o n t r a s t ,  i n  MWL, t h e  
u p f i e l d  band is  s e v e r a l  times more i n t e n s e  than t h e  
downfield.  This  d i f f e r e n c e  i s  c o n s i s t e n t  with changes 
involving t h e  major 8-0-4 l inkage ,  as side-chain 
modif icat ion t e n d s  t o  s h i f t  t h e  signals downfield (see 
above) .  The 1 0 4 . 2  ppm s i g n a l  appears  t o  be less 
a f f e c t e d  by t h e  explosion process  than t h e  1 0 5 . 0  ppm 
s i g n a l ,  which may i n d i c a t e  a s u b s t a n t i a l  c o n t r i b u t i o n  
from s y r i n g a r e s i n o l  s t r u c t u r e s ,  or  s t r u c t u r e s  with 
s t a b l e  Ccc l i n k a g e s ,  to t h i s  s i g n a l .  

The e x t e n s i v e  cleavage of  a r y l  e t h e r  i n t e r u n i t  
l inkages  and formation of f r e e  phenol ic  hydroxy-groups 
i s  c l e a r l y  shown by t h e  r e l a t i v e  i n t e n s i t i e s  of (a)  
s i g n a l s  34 a t  1 3 5 - 1 3 6  ppm and 35 a t  1 3 8 . 5  ppm, which 
conta in  S4 i n  f r e e  (S:) and e t h e r i f i e d  (Sg) s y r i n g y l  
u n i t s  r e s p e c t i v e l y  and (b) s i g n a l s  3 7  a t  1 4 8 . 6  ppm and 
39 a t  1 5 3 . 5  ppm, which c o n t a i n  Sf 
r e s p e c t i v e l y .  I n  t h e  c a s e  of MWL, t h e  Sf s i g n a l  ( 3 5 )  

i s  t w i c e  as high a s  t h e  S i G f  s i g n a l  ( 3 4 )  and t h e  Se 
s i g n a l  ( 3 9 )  i s  about t h r e e  t i m e s  a s  i n t e n s e  as t h e  
S5,5, G3 s i g n a l  ( 3 7 ) ,  while  i n  t h e  EWL's, t h e  S4 
s i g n a l s  a r e  of s i m i l a r  h e i g h t  and t h e  Se s i g n a l  has 
only  one t h i r d  t o  one h a l f  t h e  i n t e n s i t y  of t h e  Sf 
G3 s i g n a l .  
n o t  observed i n  t h e  Em's, while s i g n a l  36 f o r  G4f is 
observed a t  1 4 7 . 0  ppm i n  the EWL's, s l i g h t l y  downfield 
of t h e  s i g n a l  ass igned  t o  G4 i n  MWL, which occurs  a t  
1 4 6 . 2  ppm. I t  i s  i n t e r e s t i n g  t h a t  n z - e t h e r i f i e d  
gua iacyl  u n i t s  appear to  predominate over  e t h e r i f i e d  
i n  MWL. The e x t e n t  of a r y l  e t h e r  c leavage i s  similar 
f o r  both steam explosion t rea tments ,  with about 60% 
c l e a v  ge appearing t o  be a reasonable  estimate of  t h e  
e x t e n t .  

and Se 
3 1 5  3 , 5  

, 4  

3,s  

3 1 5  

3 , 5 '  
S i g n a l  3 8  f o r  GZ a t  150 .2  ppm i n  MWL i s  

f 

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



STRUCTURAL ASPECTS OF LIGNINS 525 

The high c o n t e n t  of f r e e  pheno l i c  hydroxy-groups 
i s  w e l l  shown i n  t h e  s p e c t r a  o f  t h e  a c e t y l a t e d  l i g n i n s .  
I n  t h e  s p e c t r a  o f  t h e  a c e t y l a t e d  EWL's, t h e  phenol ic  
acetate carbonyl  s i g n a l  has  about  t w i c e  t h e  i n t e n s i t y  
o f  t h e  primary a l i p h a t i c  acetate s i g n a l ,  which i n  t u r n  
i s  more i n t e n s e  than t h e  secondary acetate s i g n a l ,  
while  i n  t h e  spectrum o f  MWL t h e  pheno l i c  acetate s i g n a l  
i s  weak r e l a t i v e  t o  both o f  t h e s e  s i g n a l s .  Comparison 
w i t h  o t h e r  s i g n a l s  such as S3,5 and G5 g i v e s  similar 
r e s u l t s .  

Spectrum D e t a i l  

S t r u c t u r a l  changes i n  t h e  gua iacy l  u n i t s  of  t h e  
EWL's are c l ea r ly  shown by t h e  d i s p e r s i o n  and g r e a t l y  
reduced prominence of t he  G2 and G6 s i g n a l s  a t  110-112 

and 1 2 0 . 1  ppm r e s p e c t i v e l y  (26 -27  and 2 9 )  and t h e  
prominence of t h e  G5 s i g n a l  a t  115.7 ppm ( 2 8 ) . 5  
observed with t h e  gua iacy l  l i g n i n  of  P .  r a d i a t a ,  t h e  
G1,6 region of t h e  EWL's a t  117-138 ppm becomes more 
complex. Minor d i f f e r e n c e s  between t h e  explosion 
processes are detectable i n  t h e  G1,2,6 s i g n a l s ,  t h e  
most obvious being t h e  i n t e n s i t y  of s i g n a l  30 a t  
127.4 ppm i n  SP.EWL, which could i n d i c a t e  a h ighe r  
c o n t e n t  of u n i t s  with a-CO groups and a ,B-unsa tu ra t ion .  
The s i g n i f i c a n t  enhancement o f  t h e  G5 s i g n a l  observed 
with P .  r a d i a t a  EWL appears  t o  be a b s e n t  i n  t h e  case of  
t h e s e  hardwood l i g n i n s ,  i n d i c a t i n g  t h a t  less 
demethylat ion t o  c a t e c h o l  s t r u c t u r e s  has occur red .  

4 The 160-200 ppm Region 

As 

In  t h e  spectrum of MWL, weak s i g n a l s  are observed 
a t  1 9 2 . 4  and 195.2 pprn ( 4 2  and 4 3 )  and also i n  t h e  
region f o r  ca rboxy l i c  a c i d s  and esters (160-180 ppm), 
e .g .  a t  1 7 1 . 8  ppm. Nimz has  a t t r i b u t e d  a s i g n a l  a t  
1 7 1 . 8  ppm t o  t h e  carbonyl  group i n  g l y c e r a t e  ester 
l i n k a g e s ,  which would hydrolyse on steam exp los ion .  4 

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



526 HEMMI NGS ON 

I n  t h e  s p e c t r a  of t h e  EWL's ,  t h e  s i g n a l s  for u-CHO a t  
1 9 2 . 3  ppm and a-CO, a,B-unsat.  y-CHO a t  195.0 ppm may 
be more prominent than i n  MWL, p a r t i c u l a r l y  those  o f  

IP.EWL, while  SP.EWL shows an a d d i t i o n a l  s i g n a l  a t  
1 8 8 . 4  ppm (41). Other  p o s s i b l e  ca rbony l  signals i n  the 
Em's are i n d i s t i n g u i s h a b l e  from background n o i s e .  

Conclusions Derived from t h e  100-200 ppm Region 
(i) Changes i n  s i g n a l s  i n  t h i s  r eg ion  i n d i c a t e  
c leavage of about  60% of t h e  a r y l  e t h e r  l i nkages .  The 

e x t e n t  of c leavage appears  t o  be s imilar  for both 

exp los ion  p rocesses  and s imi l a r  t o  t h a t  found i n  
P .  r a d i a t a  and aspen EWL's .  

(ii) S t r u c t u r a l  mod i f i ca t ion  of both s y r i n g y l  and 
g u a i a c y l  u n i t s  is c l e a r l y  e v i d e n t ,  b u t  n o t  of  t h e  
s t a b l e  B-5 and (3-5 l i n k e d  s t r u c t u r e s .  The complexity 
and broadening of  t h e  EWL s i g n a l s  observed i n  t h i s  

r eg ion ,  c f .  t hose  of  MWL, i n d i c a t e s  a d i v e r s i t y  of 
s t r u c t u r a l  mod i f i ca t ion .  

(iii) Demethylation of gua iacy l  u n i t s  appears  t o  be 
less t han  w a s  observed with t h e  softwood l i g n i n  (see 
a l s o  Table 2 below).  

Supplementary D a t a  

1 Elemental  Analysis  
The composition of a number of l i g n i n s  i s  shown i n  

Table 2 .  

show a rise i n  hydrogen c o n t e n t  c f .  t h a t  of MWL,5*8 t h e  
E .  regnans EWLIs show a s u b s t a n t i a l  f a l l  i n  both H and 
0 c o n t e n t  i n  about  a 1:l r a t i o ,  which i s  f u r t h e r  suppor t  

f o r  t h e  d i f f e r e n c e s  i n  t h e  c o n t e n t  and v a r i e t y  of 
reduced s ide-chain groups d i scussed  above. 

I n  c o n t r a s t  t o  P .  r a d i a t a  EWL and aspen EWL which 

A l s o  i n  contrast to  P .  radiata and aspen EWL's, 

t h e  methoxyl c o n t e n t  i s  on ly  s l i g h t l y  lower than t h a t  

of MWL, which i s  f u r t h e r  suppor t  for demethylat ion 
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STRUCTURAL ASPECTS OF LIGNINS 527 

TABLE 2 

Composition of Various EWL's  and MWL's 

- E .  r egnans  M W L ~  '9 H7.72 '2.75 ( O M e ) l . 5 q  

'9 H7.16 '2.23 ('Me) 1 . 5 1  
'9 H6.98 '2.06 ( O M e ) l . 4 4  

p. r a d i a t a  IP.EWLC '9 H8.78 '2.34 (OMe)0.56 
aspen  M W L ~  '9 H8.70 '3.05 ( O M e ) 1 . 4 7  

IP  . EWLb 

SP . E W L ~  

E W L ~  '9 Hg.2  '2.7 ( O M e ) l . l  

( a )  re f .  15, (b) t h i s  work, (c) r e f .  5 and ( d )  r e f .  8 .  

be ing  r e l a t i v e l y  minor w i t h  t h i s  wood s p e c i e s .  P rocess  

c o n d i t i o n s  appear  t o  a f f e c t  the magnitude o f  H , O  loss 
and demethy la t ion ,  which i s  s l i g h t l y  g r e a t e r  f o r  t h e  

l o w e r  t e m p e r a t u r e ,  b u t  l onge r  cooking  t i m e  S i r o p u l p e r  

p r o c e s s .  

2 I n f r a - r e d  S p e c t r a l  D a t a  

The I R  s p e c t r a  o f  E .  regnans  IP.EWL, SP.EWL and 

Marked d i f f e r e n c e s  between t h e  EWL's  and MWL are 
shown by t h e  ca rbony l  r e g i o n .  The a r o m a t i c  s k e l e t a l  

C - 0  s t r e t c h  band a t  1598 c m - l  i n  MWL is broadened and 
s h i f t e d  t o  1612 c m - l ;  The s h o u l d e r  at 1620  c m - l  and 

t h e  maximum a t  1653 cm' l  f o r  a ,B-unsa tura ted  a ldehyde  

and a-CO groups  are no l o n g e r  obse rved ,  wh i l e  new 
maxima are observed  a t  1703 cm' l  f o r  SP.EWL and 
1715 c m - I  f o r  1P.EWL. The band i n  MWL w i t h  a maximum 
a t  1732 c m - 1  i s  a b s e n t  from bo th  EWL s p e c t r a .  The 
1715-1703 c m - 1  band a p p e a r s  t o  be more i n t e n s e  i n  t h e  

SP.EWL spec t rum.  A s  observed  p r e v i o u s l y  w i t h  

P .  r a d i a t a  MWL and EWL, t h e  band a t  1732 c m - l  i s  l i k e l y  

to  be due  t o  unconjugated acid and ester groups  and the 

MWL are shown i n  F i g .  5 .  
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STRUCTURAL ASPECTS OF LIGNINS 529 

band a t  1715-170 3 c m - 1  t o  fo rma t ion  O f  uncon j u g a t e d  

c a r b o n y l ,  e .g .  6-CO groups ,  i n  t h e  s ide -cha ins  o f  some 
u n i t s . 5  The broadening  o f  t h e  1598 C m - l  band cou ld  be 
due i n  p a r t  t o  formation of u n s a t u r a t i o n  i n  t h e  s i d e -  
c h a i n ,  as hydrogenat ion  o f  SP .EWL (PtQ&/'LtCfi) sharpened 
t h e  1612  c m - 1  band. 

The band f o r  pr imary  a l c o h o l  groups  a t  1030 c m - l  
i s  much weaker i n  t h e  EWL s p e c t r a ,  wh i l e  t h e  secondary 
a l c o h o l  band a t  1089 c m - l  i s  n o t  observed .  Th i s  
r e f l e c t s  t h e  r e d u c t i o n  i n  y- and a-hydroxy-group 
c o n t e n t .  

A s h o u l d e r  i s  obse rved  a t  973 c m ' l  i n  t h e  s p e c t r a  
o f  bo th  EWL's, b u t  it i s  weaker f o r  1P.EWL. I t  i s  
removed by hydrogena t ion ,  which i n d i c a t e s  t h e  p re sence  
o f  t r a n s  e t h y l e n i c  doub le  bonds (as i n  cinnamyl compounds 

and s t i l b e n e  s t r u c t u r e s ) .  
A weak band a t  920  crn-l i n  t h e  spectrum of  MWL i s  

enhanced abou t  t h r e e - f o l d  and s h i f t e d  t o  918-915 c m - l  
i n  t h e  EWL s p e c t r a .  T h i s  band, which i n  MWL i s  
c h a r a c t e r i s t i c  o f  s y r i n g y l  u n i t s  ,I6 is  u n a f f e c t e d  by 
hydrogenat ion .  The enhancement observed  i n  t h i s  r eg ion  
may t h e r e f o r e  be i n d i c a t i v e  o f  changes i n  t h e  
s u b s t i t u t i o n  p a t t e r n  o f  EWL a romat i c  r i n g s  and ev idence  
f o r  t h e  occur rence  of e l e c t r o p h i l i c  s u b s t i t u t '  Lon o r  

se l f - condensa t ion  r e a c t i o n s  i n v o l v i n g  aromatic carbon 
and s ide -cha in  a l i p h a t i c  carbon or formaldehyde.  
Smal l e r  changes t a k e  p l a c e  i n  t h e  major band 
c h a r a c t e r i s t i c  of t h e  s y r i n g y l  moie ty ,  which o c c u r s  a t  
839 c m - l . 1 6  

The I R  s p e c t r a  t h e r e f o r e  s u p p o r t  s t r u c t u r a l  
m o d i f i c a t i o n  i n v o l v i n g  fo rma t ion  of unconjugated  
c a r b o n y l  g roups ,  a ,B-unsa tu ra t ed  moieties, a r e d u c t i o n  
i n  OH c o n t e n t  and changes i n  r i n g  s u b s t i t u t i o n  
p a t t e r n s .  
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The Molecular Weight o f  IP.EWL 
The molecular  weight w a s  determined as desc r ibed  

p rev ious ly  f o r  P .  r a d i a g  Values of 896, 2317 
and 2 . 6  were o b t a i n e d  € o r  y1, \ and b$&., 

r e s p e c t i v e l y .  The v a l u e s  o f  Mn and M ,  are similar t o  
those  f o r  P. r a d i a t a ,  o f  823 and 2473 r e s p e c t i v e l y ,  b u t  
t h e  p o l y d i s p e r s i t y  is  l o w e r ,  2 . 6  c . f .  3.0. Values of 

1700-1900 f o r  M, and 2 . 4 - 2 . 7  f o r  %/% have been 
reported f o r  aspen EWL.8 

weight and p o l y d i s p e r s i t y  o f  exploded wood l i g n i n s  
appear t o  be of t h e  o r d e r  of  2 0 0 0  and 2 . 5 - 3 . 0  

r e s p e c t i v e l y  and t o  be n o t  g r e a t l y  dependent on wood 
s p e c i e s .  I t  should be noted however, t h a t  t h e  y i e l d  of  
e x t r a c t e d  l i g n i n  w a s  h ighe r  from t h e  hardwood. 
(13-16%, c . f .  lo%, of d ry  wood w e i g h t ) .  

General Conclusions 
(i) S t r u c t u r a l  mod i f i ca t ion  o f  t h e  hardwood l i g n i n  
invo lves  e x t e n s i v e  cleavage o f  t h e  major B-0-4 i n t e r u n i t  
l i n k a g e ,  e l i m i n a t i o n  of a- and y-hydroxy-groups, forma- 
t i o n  of  carbonyl  groups,  p a r t i c u l a r l y  unconjugated 
B-carbonyl groups,  an i n c r e a s e  i n  a ,B-unsaturat ion and 
condensat ion r e a c t i o n s  forming a l i p h a t i c  carbon t o  
aromatic  carbon bonds, such as a-6' and methylene- 
br idged a romat i c  carbon. The h y d r o l y s i s  pathway v i a  
CgC2-enol e t h e r  formation from 8-0-4 l i n k e d  u n i t s ,  (and 
p o s s i b l y  s t i l b e n e  formation from 6-1 u n i t s ) ,  which 
r e l e a s e s  formaldehyde by s ide-chain sho r t en ing  C B I V  
cleavage could be  t h e  sou rce  of formaldehyde f o r  
condensat ion r e a c t i o n s ,  as w e l l  as some unconjugated 
carbonyl  g r o u p s . l O t l 3  
(ii) A major d i f f e r e n c e  between t h i s  hardwood ( E .  - 
regnans) and the softwood s t u d i e d  p r e v i o u s l y  (fl. 
r a d i a t a )  i s  t h a t  w i th  t h e  softwood, depolymerizat ion 
r e s u l t s  i n  a wide range of reduced s ide-chain groups 

Therefore  t h e  molecular 
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STRUCTURAL ASPECTS OF LIGNINS 531 

and a ga in  i n  hydrogen c o n t e n t ,  whereas with t h e  
hardwood, depolymerizat ion r e s u l t s  i n  e l i m i n a t i o n  o f  

both hydrogen and oxygen from t h e  s ide-chain.  A f u r t h e r  
d i f f e r e n c e  i s  t h e  e x t e n t  of demethylation which appea r s  
t o  be much less with t h e  hardwood. In c o n t r a s t ,  de- 
e t h e r i f i c a t i o n  appears  t o  be similar i n  e x t e n t  and 
t h e  molecular weights  of t h e  EWL’s similar  i n  
magnitude. I t  i s  p o s s i b l e ,  t h e r e f o r e ,  t h a t  t h e  hard- 
wood l i g n i n  would have a h ighe r  c o n t e n t  of  r e a c t i v e  
s ide -cha ins .  

A c o r r e l a t i o n  of t h e  presence of  s y r i n g y l  u n i t s  
with t h e  d i f f e r e n c e  i n  s ide-chain modif icat ion i s  an 
i n t e r e s t i n g  p o s s i b i l i t y .  Hydrolysis  of 8-0-4 l i n k a g e s  
of s y r i n g y l  u n i t s  i s  r e p o r t e d  to be f a s t e r  than t h a t  
of gua iacy l  u n i t s , 9  so t h a t  compet i t ion between re- 
a c t i o n  pathways, i nc lud ing  r e d u c t i v e  s ide-chain 
mod i f i ca t ion  pathways p o s s i b l y  invo lv ing  r a d i c a l s  
could change with s y r i n g y l  c o n t e n t .  The e f f e c t  of  
t h e  more a c i d i c  c o n d i t i o n s  o f  hardwood h y d r o l y s i s ,  due 
t o  t h e  h ighe r  c o n t e n t  of a c e t y l  groups,  would also be 
t o  f a c i l i t a t e  h y d r o l y s i s  , as w e l l  as condensat ion,  
r e a c t i o n s .  
(iii) Hardwood l i g n i n s  may show d i v e r s i t y  i n  t h e  
e f f e c t s  of  steam explosion because of  t h e  g r e a t e r  
s t r u c t u r a l  and composition v a r i a b i l i t y  a v a i l a b l e  t o  
them through t h e  S/G u n i t  r a t i o  and unique p r o p e r t i e s .  
Aspen l i g n i n  i s  almost unique i n  t h a t  it c o n t a i n s  up t o  

17 about 1 0 %  by weight of  p-hydroxybenzoate groups.  
( i v )  D i f f e r e n t  steam explosion p rocesses  have some 
e f f e c t  on t h e  r e l a t i v e  abundances o f  t h e  products  of 
depolymerisat ion r e a c t i o n s .  

EXPERIMENTAL 

Steam explosion o f  N e w  Zealand Eucalyptus regnans 
wood w a s  c a r r i e d  o u t  by I o t e c h  Corporat ion Ltd,  Canada 
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532 HEHMINGSON 

and the Divis ion of Chemical and Wood Technology, C S I R O ,  

A u s t r a l i a . l t 2  
Corporat ion f o r  t r e a t i n g  o u r  sample w e r e  n o t  divulged,  
b u t  were presumably i n  t h e  range normally used, i . e .  
a steam p r e s s u r e  of about 5.5 MPa and cooking a t  about  
23OoC f o r  about  60 sec . l , la  
S i ropu lpe r  p rocess  used steam a t  1.7 MPa t o  h e a t  t h e  
c h i p s  t o  205OC and then t h e  p r e s s u r e  w a s  r a i s e d  to 
6 . 9  MPa with a 60/40 volume mixture  of C02 /N2 .  

15 min., t h e  p r e s s u r e  w a s  r e l e a s e d  and t h e  d i g e s t e r  
con t e n t s  w e r e  d ischarged through a s p e c i a l l y  designed 

The exact c o n d i t i o n s  used by Io t ech  

I n  c o n t r a s t ,  t he  

A f t e r  

n 0 ~ ~ 1 e . l g  
The w e t  exploded wood w a s  e x t r a c t e d  with acetone.  

Addit ion of t h e  concen t r a t ed  ex t r ac t  t o  water 
p r e c i p i t a t e d  t h e  l i g n i n  which w a s  washed, a i r  d r i e d  
and then d r i e d  under vacuum. Yie lds  w e r e  13-16% of 
d r y  wood weight.  

E .  regnans MWL w a s  prepared i n  t h i s  l abora to ry .  
Ace ty la t ion  w a s  carried o u t  i n  acetic 

anhydride-pyridine 1:l. 
1 3 C  NMR S p e c t r a  were run a t  3OoC on a Varian 

FT-80A spectrometer  o p e r a t i n g  a t  20 MHz, as desc r ibed  
p rev ious ly .  The s o l v e n t  w a s  acetone-d6/H20 ( 9  : 1 by 
volume) except  where noted.  Resolut ion w a s  again 
improved by Zorentzian-to-Gaussian t r ans fo rma t ion  , 2 0  

and expanded scale s p e c t r a  were used t o  ass is t  d e t a i l e d  
comparison. 

I R  S p e c t r a  w e r e  run on KBr d i s k s .  
Molecular Weight w a s  determined by HPLC s e p a r a t i o n  

o f  t h e  a c e t y l a t e d  l i g n i n  as desc r ibed  p rev ious ly .5  

Un ive r s i ty  of Otago Chemistry Department, Dunedin. 
Elemental  Analyses w e r e  c a r r i e d  o u t  by t h e  
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