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MOLECULAR WEIGHT OF LIGNIN FRACTIONS 
LEACHED FROM UNBLEACHED KRAFT PULP FIBERS 

B.D. Favis ,  W.Q. Yean and D.A. I .  Goring 
Pulp and Paper Research I n s t i t u t e  of Canada and Chemistry 
Department, McCill Un ive r s i ty ,  Montreal,  Canada H3A 2A7 

Dedicated t o  Prof .  J .L  McCarthy on t h e  Occasion o f  
h i s  70th Birthday 

ABSTRACT 

The molecular weights of l i g n i n  f r a c t i o n s  leached from an un- 
bleached k r a f t  pulp were found t o  i n c r e a s e  from 230,000 t o  410,000 
a s  washing of t he  pulp proceeded. The f r e e  d i f f u s i o n  c o e f f i c i e n t s  
f o r  bo th  a s p h e r i c a l  and a d i sk - l ike  conformation were c a l c u l a t e d  
and were found t o  be seven o rde r s  of magnitude h ighe r  than t h e  
observed i n t r a f i b e r  d i f f u s i o n  c o e f f i c i e n t .  Also the  change in t h e  
f r e e  d i f f u s i o n  c o e f f i c i e n t  with molecular weight w a s  f a r  less than 
the  100-fold po lyd i spe r s i ty  observed previously.  A comparison of 
t he  molecular dimensions with t h e  pore s i z e  ind ica t ed  t h a t  a f l a t ,  
d i sk - l ike  conformation, r a t h e r  than a s p h e r i c a l  conformation, is  
appropr i a t e  f o r  t he  l i g n i n  macromolecule. 

INTRODUCTION 

In a previous paper', we showed t h a t  t h e  l each ing  of l i g n i n  

macromolecules through t h e  f i b e r  wa l l s  of an unbleached k r a f t  pulp 

suspended in water  w a s  d i f f u s i o n  con t ro l l ed .  Two important  e f f e c t s  

were noted; f i r s t l y ,  a very low r a t e  of d i f f u s i o n  was observed; and 

secondly,  i t  was necessary t o  p o s t u l a t e  a wide range of d i f f u s i o n  

c o e f f i c i e n t s  i n  o r d e r  t o  e x p l a i n  the  r e s u l t s  obtained f o r  long 

per iods  of leaching.  We have a l s o  shown t h a t  t h e  r a t e  o f  l each ing  

i n c r e a s e s  with t h e  temperature' and decreases  a t  higher  concentra- 

t i o n  of e l e c t r o l y t e  . 3 

The purpose of t he  p re sen t  i n v e s t i g a t i o n  was t o  d i scove r  

whether o r  not t h e  r a t e  of d i f f u s i o n  of t h e  l i a n i n  through t h e  

f i b e r  wa l l  could be c o r r e l a t e d  wi th  t h e  molecular s i z e  of t h e  
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314 FAVIS, YEAN, AND GORING 

so lub le  l i g n i n  macromolecules leached from t h e  f i b e r .  Lignin frac-  

t i o n s  were c o l l e c t e d  f o r  va r ious  times o f  leaching.  Molecular 

weights  were measured by the  s h o r t  column sedimentat ion equ i l ib r ium 

technique nreviously used i n  t h i s  l abora to ry  . I n  a d d i t i o n ,  t h e  

median pore s i z e  i n  the  water  swollen f i b e r s  was measured by t h e  

s o l u t e  exclusion technique developed bv Stone and Scallan'. An 

at tempt  was then made to r e l a t e  t h e  small  and widely polydisperse  

d i f f u s i o n  c o e f f i c i e n t s  found previously with t h e  s i z e  and shape 

of t h e  l i g n i n  macromolecule. 

4 

1 

EXPERIMENTAL 

The f i b e r  s tock  used was an unbleached k r a f t  pulp of 52X y i e l d  

prepared from black spruce chips  a s  descr ibed previously'. 

A 48 g sample (19 g dry  weight) of f i b e r  w a s  blended i n  approxi- 

mately 900 mL of d i s t i l l e d  water f o r  1 minute,  u s ing  a Waring blender .  

The s o l u t i o n  was f i l t e r e d  o f f  using a coarse  s i n t e r e d  g l a s s  f i l t e r  

and the f i b e r  was washed quickly with two 500 mL a l i q u o t s  of water. 

The f i b e r  was handpressed a f t e r  each wash. This procedure served t o  

remove t h e  r e s i d u a l  l i g n i n  on t h e  su r face  of t h e  f i b e r s  and i n  the  

lumens. The f i b e r  was then redispersed i n  one l i t r e  of d i s t i l l e d  

water .  Leaching was c a r r i e d  out  a t  2OoC and 140 rpm i n  t h e  apparatus  

descr ibed ureviously'. Af t e r  20 min, t he  pulp susuension was f i l t e r e d  

and the  f i b e r  was washed quickly and handpressed a s  above. The f i l -  

t r a t e  f o r  t h a t  p a r t i c u l a r  i n t e r v a l  was ad jus t ed  with NaOH t o  pH 8 

and s t o r e d  a t  4°C. The f i b e r  was then r ed i spe r sed  i n  one l i t r e  of 

f r e s h  water f o r  t h e  nex t  i n t e r v a l .  The process  was repeated f o r  60 

min, 100 min, 120 min, and 16 h i n t e r v a l s .  The f i r s t  fou r  I n t e r v a l s  

were chosen t o  give approximately equ iva len t  concen t r a t ions  of 

so lub le  leached l i g n i n  i n  the f i l t r a t e .  It was necessary t o  r epea t  

t h e  above process  e i g h t  t imes i n  o rde r  t o  b u i l d  up a q u a n t i t y  o f  

l i g n i n  s u f f i c i e n t  f o r  t h e  molecular weight determinat ions.  

For u l t r a c e n t r i f u g a t i o n ,  t h e  combined f i l t r a t e s  were concentrated 

i n  a r o t a r y  evaporator  a t  45OC t o  a concen t r a t ion  of about 2.5 gL-l. 

The concentrated samples were f i l t e r e d  through a f i n e  f i l t e r  t o  re- 

move the  r e s i d u a l  deb r i s .  

The l i g n i n  concentrat ion w a s  determined spec t ropho tomet r i ca l ly  by 
-1 -1 6 , 7  u l t r a v i o l e t  ana lys i s  a t  280 nm using an a b s o r b t i v i t y  of 18.7 L g cm . 
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WEIGHT OF LIGNIN 315 

The weight average molecular weight w a s  measured i n  a Spinco,  model E, 
a n a l y t i c a l  u l t r a c e n t r i f u g e  us ing  t h e  s h o r t  column sed imen ta t ion  e q u i l i -  

brium technique desc r ibed  p rev ious ly  . The v a l u e s  used f o r  t h e  r e f r a c -  

t i v e  index increment and t h e  p a r t i a l  s p e c i f i c  volume of t h e  k r a f t  l i g n i n  

were 0.201 mL g,-l and 0.663 mL g-l r e s p e c t i v e l y  . 

2 

7 

The median pore s i z e  of t h e  f i b e r  w a s  ob ta ined  by the s o l u t e  exc lus ion  

technique of  Stone and Sca l l an  us ink  dex t r an  molecules of known molecular  

s i z e  as probes5. We are g r a t e f u l  t o  Dr .  A.M. S c a l l a n  f o r  t h e s e  measurements. 

RESULTS 

The molecular weights  ob ta ined  and t h e i r  r e s p e c t i v e  t i m e  i n t e r v a l s  

are shown i n  Table 1. Also given i n  Table 1 are va lues  f o r  C f ( t ) ,  t h e  

concen t r a t ion  of  leached l i g n i n  which would have been found i n  t h e  wash 

l i q u i d  i f  t he  experiment had run  cont inuously.  This  q u a n t i t y  w a s  ob- 

t a i n e d  by accumulating the  t o t a l  weight of leached l i g n i n  up t o  t h e  end 

of t h e  p a r t i c u l a r  time interval. 

The median pore diameter  of  t he  f i b e r ,  a f t e r  being washed f o r  4 h 

w a s  found to  be 3.6 nm. For t h e  pore s i z e  d a t a ,  no c o r r e c t i o n  was made 

f o r  t he  e f f e c t  of  t he  f i b r e  w a l l  on dex t r an  p e n e t r a t i o n  . The f i b e r  

s a t u r a t i o n  p o i n t  (FSP) was 1.56 g g-'. The FSP f o r  t h e  same f i b e r ,  washed 

f o r  only 10 min, was 1.60 g g-'. 

8 

DISCUSS ION 

I n  s p i t e  of t he  scatter of  t h e  p o i n t s ,  t h e  d a t a  i n  Table 1 show 

t h a t  t h e  molecular  weight i n c r e a s e s  wi th  t h e  q u a n t i t y  of  l i g n i n  removed. 

I f  a s p h e r i c a l  conformation f o r  t h e  l i g n i n  macromolecule is assumed, 

t he  f r e e  d i f f u s i o n  c o e f f i c i e n t ,  Dsphere, can be c a l c u l a t e d  from f r e e  

113 
d - (z) 

where k E Boltzmann's cons t an t  

T I abso lu te  temperature  (293' K) 

d e f f e c t i v e  hydrodynamic diameter  of t he  macromolecule 

II 5 s o l v e n t  v i s c o s i t y ,  (0.01 g s-' cm-' f o r  H20 a t  293' K) 
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WEIGHT OF L I G N I N  31 7 

Mw 3 molecular weinht 

N i Avogadro's number 

v 3 s p e c i f i c  volume o f  t he  swollen l i g n i n .  

-1 The value used f o r  v was 1.1 mL g , t h e  s p e c i f i c  volume of t h e  
9 swollen f i b e r  wa l l  a t  80% d e l i g n i f i c a t i o n  . Dif fus ion  c o e f f i c i e n t s ,  

c a l c u l a t e d  by means of equat ions 1 and 2 a r e  given i n  Table 1. The 

va lues  decrease s l i f i h t l y  over t h e  range of molecular  weights  of t h e  

f r a c t i o n s .  However, is  about seven o r d e r s  of magnitude h ighe r  

than t h e  va lue  o f  3 x 

i n t r a f i b e r  d i f f u s i o n  c o e f f i c i e n t  from t h e  r a t e  of leaching.  Also. t h e  
sphere range of D f r e e  

(1 x d3 cm2 s-l t o  8 x 

fus ion  of l i g n i n  macromolecules through t h e  f i b e r  wa l l .  

Dsphere 
f r e e  

cm2 s-' c a l c u l a t e d  previously'  f o r  t h e  

i n  Table 1 is much less than  t h e  100-fold p o l y d i s p e r s i t y  

cm2 s-') found previously'  f o r  t h e  d i f -  

Recent work has suggested t h a t  l i g n i n  macromolecules made s o l u b l e  

du r ing  d e l i g n i f i c a t i o n  a r e  d i sk - l ike  i n  shape, with a cons t an t  t h i ckness  

of approximately 2 nm i n  t h e  d r y  state". I f  such a conformation is 

assumed f o r  t h e  l i g n i n  macromolecules leached out  of t he  f i b e r .  t h e  

a x i a l  r a t i o s  of d i s k  diameter t o  thickness  given i n  Table 1 a r e  r e a d i l y  

computed''. Free d i f f u s i o n  c o e f f i c i e n t s  corresponding t o  t h e  equ iva len t  

o b l a t e  e l l i p s o i d s  may then be der ived by d iv id ing  the f r e e  d i f f u s i o n  

c o e f f i c i e n t  of t h e  sphere by t h e  appropr i a t e  f r i c t i o n a l  r a t i o  of t h e  

o b l a t e  e l l i p s o i d  . 11 

The f r e e  d i f f u s i o n  c o e f f i c i e n t s  corresponding t D  t h e  d i sk - l ike  con- 

formation a r e  l i s t e d  i n  Table 1. The va lues  of Ddisk a r e  somewhat lower 

than those Corresponding t o  t h e  s p h e r i c a l  model. However, t he  i n t r a -  

f i b e r  d i f f u s i o n  c o e f f i c i e n t  of 3 x 

of magnitude lower than the  f r e e  d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  disk-  

l i k e  model. Also t h e  change i n  t h e  f r e e  d i f f u s i o n  c o e f f i c i e n t  w i th  

time of leaching is f a r  too small  t o  account f o r  t h e  wide range of 

p o l y d i s p e r s i t y  previously observed i n  D . I  I t  is apparent ,  t h e r e f o r e ,  

t h a t  f r e e  d i f f u s i o n  must play a n e g l i g i b l e  r o l e  in t r a n s p o r t  a c r o s s  

t h e  f i b e r  w a l l  and t h a t  t h e  i n t e r a c t i o n  of t h e  l i g n i n  macromolecules 

wi th  c e l l u l o s e  hydrogel must b e  t h e  dominant r e s t r i c t i o n  t o  t h e  d i f -  

fu s ion  of l i g n i n  out  of t h e  f i b e r .  

Comparison o f  t h e  present  d a t a  with t h e  e a r l i e r  r e s u l t s  of McNaughton 

-- e t  a l . 7  shows t h a t  t h e  molecular weights o f  leached l i g n i n  f r a c t i o n s  a r e  

f r e e  

cm2 s-', is s t i l l  many o rde r s  
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Table 2. 

FAVIS, YFAN, AND GORING 

A comparison of t he  s p h e r i c a l  molecular diameters  of l i g n i n s ,  obtained du r ing  
pulping and leaching,  w i th  t h e  pore s i z e  d a t a  

Lignin 
Macromolecul.ar P rope r t i e s  

d 
( nm) Mw Lignin 

Fract ion 

Corresponding 
Pulp P r o p e r t i e s  

FSP 
(Rid 

Median Pore 
Diameter 

a - 7  51,000 5.6 

L -1 230,000 9.2 

L -4 340,000 10.6 

1.56 4.0 
1.60 - 
1.56 3.6 

considerably h ighe r  than those f o r  l i g n i n s  r e l eased  during pulping. The 

h ighes t  molecular weight obtained by McNaughton st. was 51,000 f o r  

F rac t ion  CK-7. As shown i n  Table 2 t h i s  may be compared with molecular 

weights of 230,000 and 340,000 obtained f o r  F rac t ions  L-1 and L-4 i n  
Table 1. Note a l s o  t h a t  i n  both the  pulping and t h e  l each ing  t h e  degree 

of d e l i g n i f i c a t i o n  was about t h e  same (85% - 88%). 

I n  a s tudy by Ahlgren &.12, good agreement was demonstrated 

between t h e  s i z e  of t h e  pores  e x i s t i n g  i n  t h e  c e l l  w a l l ,  a t  any s t a g e  

of pulping,  and t h e  s p h e r i c a l  molecular s i z e  of t h e  l i g n i n  l i b e r a t e d  a t  

t h a t  s t age .  This type of c o r r e l a t i o n  though, does not  ho ld  f o r  leaching.  

I f  t h e  f i b e r  s a t u r a t i o n  po in t s  and the  median pore s i z e s  o f  t h e  f i b e r s  

corresponding t o  the  l i g n i n  f r a c t i o n s  CK-7, L-1 and L-4 a r e  compared 

(Table 2) i t  can be seen t h a t  they a r e  s i m i l a r  i n d i c a t i n g  t h a t  t h e  pore 

s i z e  and volume remain constant  from t h e  end of t h e  cook up t o  4 hours 

of ,washing.  However, i t  is i n t e r e s t i n g  t o  no te  t h a t  i f  a s p h e r i c a l  

conformation is assumed f o r  t h e  l i g n i n  macromolecule, t h e  molecular 

diameter,  d ,  i nc reases  by a f a c t o r  of 2 from Frac t ion  CK-7 t o  F rac t ion  

L-4. This suggests  t h a t  a d i sk - l ike  conformation is  l i k e l y  s i n c e  disk- 

l i k e  molecules of uniform th i ckness ,  but  of d i f f e r e n t  weights ,  can escape 

from s l i t - l i k e  pores of i d e n t i c a l  thickness .  These r e s u l t s  support  t h e  

r ecen t  suggest ions 10’13 t h a t ,  i n  f a c t ,  s o l u b l e  l i g n i n s  are made up of 
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WEIGHT OF L I G N I N  319 

f l e x i b l e  d i sk - l ike  molecules, a conformation which arises a s  a r e s u l t  

of t h e  lamellar s t r u c t u r e  of t h e  secondary w a l l  of t h e  wood c e l l  14 . 
CONCLUSIONS 

The r e s u l t s  show t h a t  t he  ca l cu la t ed  f r e e  d i f f u s i o n  c o e f f i c i e n t s  

f o r  spheres  o r  d i s k s  cannot account f o r  t h e  low magnitude o r  t h e  wide 

p o l y d i s p e r s i t y  of t h e  i n t r a f i b e r  d i f f u s i o n  c o e f f i c i e n t .  I n t e r a c t i o n  

wi th  t h e  c e l l u l o s e  hydrogel must t h e r e f o r e  b e  t h e  dominant r e s t r i c t i o n  

t o  t h e  d i f f u s i o n  o f  l i g n i n  ou t  of t h e  f i b e r .  

I n  c o r r e l a t i n g  molecular dimensions wi th  pore s i z e  measurements a 

d i sk - l ike  conformation, a s  opposed t o  a s p h e r i c a l  conformation, w a s  

found t o  be more appropr i a t e  f o r  t he  s o l u b l e  l i g n i n  macromolecule. 
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