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Did t r i s  S. Argpropoulos* and Ranry I. l b l k e r  
Pulp and Paper Research I n s t i t u t e  of Canada 

Pointe  Claire, P.Q. ,  Canada H9R 359 
and 

D e p a r m n t  of C h d s t r y ,  M c G i l l  Un ive r s i ty ,  
Montreal, P.Q., Canada El3A U 7  

Black spruce sa rdus t ,  when t r e a t e d  batchvise ,  i n  accordance 
w i t h  t h e  p r i n c i p l e s  of t h e  g e l  degradat ion theory,  v i t h  dioxane: 
H 0:ECl (90:8:1.8 by volume) a t  va r ious  e x t e n t s  of l f g o i n  solu- 
b i l i z a t i o n ,  gave a series of l i g n i n  f r a c t i o n s .  The undialyzed 
l i g n i n  preparat ions,  cha rac t e r i zed  by Klason l ign in ,  pCthqxy 
con ten t s ,  microanalysis,  and U.V. a b s o r p t i v i t y ,  were found t o  be 
reasonably uniform in c a p o s i t i o n .  G e l  permeation chrouatography 
w i t h  a combination of r e f r a c t i v e  index ( R I )  and L w  Angle Laser 
L igh t  S c a t t u i o g  (LALLS) d e t e c t i o n  gave f r a c t i o n s  t h a t  qua l i t a -  
t i v e l y  r e s a b l e d  those obtained by t h e  degradat ion of s y n t h e t i c  
model polymer gels.  In e f f o r t s  t o  q u a n t i t a t i v e l y  correlate 
m o l e c u l a r  w e i g h t s  (%) of t h e s e  l i g n i n s  wi th  t h e  e x i s t i a g  g e l  
degradat ion models, hwever ,  t h e  probl-s of l i g n i n  f luorescence,  
a s s o c i a t i o n  and recondensation were encountered. During t he  
ba t chv i se  dioxaoc:H 0:ECl e x t r a c t i o n  of wod, i r r e v e r s i b l e  recon- 
densa t ion  of t h e  l zgn in  f r a g n n t s  took place,  l i m i t i n g  a n a l y s i s  
of t h e  r e u u l t a  in t h e  context of t h e  g e l  degradat ion theory,  
r evea l ing  however, a s a l i e n t  f e a t u r e  of  d e l i g n i f i c a t i o n .  

Earlier i n v e s t i g a t i o n s  on t h e  mechanfa  of c h m i c a l l y  l i b e r  

a t i n g  f i b r e s  f r a  wood, have provided t h e  motivat ion for funda- 
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2 ARGYROPOULOS AND BOLKER 

mental s t u d i e s  of g e l a t i o n  and g e l  degradat ion1.  T h e o r e t i c a l  

expres s ions  e s s e n t i a l l y  based on t h e  Plory-Stockmaper s t a t i s t i c s  

of g e l a t i o n  were experimental ly  examined f o r  t h e i r  a p p l i c a b i l i t y  

beyond t h e  g e l  point.  By s tudying c r o s s l i n k i a g  r e a c t i o n s  in 

m o d e l  p o l y e s t e r  polymerizat ions beyond t h e  g e l  po in t ,  t h e  v a l i d i -  

t y  of t he  expressions was q u a n t i t a t i v e l y  confirmed, and t h e i r  

l i m i t a t i o n s  were del ineated.  O n  s t e p v i s e  deg rada t ion  of such 

model networka, i nc reas ing  s o l u b l e  f r a c t i o n s  n r e  obtained a t  

each  s t e p ,  and t h e i r  weight-average molecular  v e i g h t s  increased 

as t h e  dege la t ion  po in t  vms approached. The molecular w i g h t s  

and d i s t r i b u t i o n s  of t hese  f r a c t i o n s  were in c l o s e  q u a n t i t a t i v e  

agreement v i t h  theory,  i . e . ,  they r ep resen ted  a n e a r m i r r o r  image 

of  t h e  molecular weights of s o l  f r a c t i o n s  ob ta ined  on c ross l ink -  

ing beyond t h e  g e l  point. S i m i l a r  results were obtained by 

degrading a mdcl nehrork prepared by t h e  rand- c r o s s l i n k i n g  of 

nonodisperse  primary cha ins  of polystyrene,  a network thought t o  

b e  8 c l o s e r  8 d o g y  t o  l i gn in .  

Expcrteatal support  has t hus  been ob ta ined  f o r  t r e a t i n g  

random aetwrk degradat ion by r e v e r s i n g  t h e  statistics of t h e  

Flory-Stoebayer  theory of ge l a t ion .  

Among t h e  -st important f e a t u r e s  of any d e l i g n i f i c a t i o n  

experiment is probably t h e  observation t h a t  t h e  molecular weights  

of t h e  r o l u b i l i z e d  products  become progresa lve ly  higher  as 

d e l i g n i f i c a t i o n  proceed.2-7. The p ionee r ing  work of Stab0 and 

Goringe which Y.8 followed by Bolker and Brenner9, and Bolker Ct 
- a l e 7 ,  cons ide r s  d e l i g n i f i c a t i o n  as t h e  reverse of network forma- 

t i o n  in t h e  region beyond t h e  ge l  point .  The random dege la t ion  

o f  a c ross l inked  network is thought t o  fo l low a p a t h  which is t h e  

reverse of i ts f o r m t l o a .  Xn bro8d terms, t h e  Szabo and Goring 

t r ea tmen t  envisages d e l i g n i f  i c a t i o n  as t h e  reverse of polymeriz- 

ing t r i f m c t i o n a l  monamers, while t h e  Bolker and Brenner approach 
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CONDENSATION OF LICNIN 3 

is the r eve r se  of forming a network by t h e  random c r o s s l i n k i n g  of 

nonodisperse p r e f o r m e d  chains. The d i f f e r e n c e  between t h e  tw 

treatments  is t ha t :  (a) Srabo and Coring assme t h a t  a l l  e t h e r  

bonds in l f g n i n  are of comparable r e a c t i v i t y ;  wh i l e  (b) Bolker 

and Brenner proposed t h a t  t he  primary sites of c r o s s l i n k i n g  were 

t h e  benzyl e t h e r  g r ~ ~ p s ,  uhich a r e  ham t o  be t h e  most r e a c t i v e  

under a c i d  cond i t ions  of all t h e  e t h e r  lialugca fouad in l i gn fn .  

Evidence f o r  t h e  network s t r u c t u r e  of p r o t o l i g n i n  copes f r o o  

t h e  v i s c o s i t y ,  po lyd i spe r s i ty ,  and molecular weight d a t a  of solu- 

b l e  lignino2'L0. The random degradat ion of a c raas l inked  n e t w r k  

is expected (according t o  the  g e l  degradat ion theory)  t o  y i e l d  

polymeric fragments of sphe r i ca l  conf i g u r a t i o n  h o s e  molecular 

weights,  y i e l d s ,  and po lyd i spe ra i ty  r a t i o s  v i l l  i n c r e a s e  as bond 

f r agpcn ta t ion  i n c r e a s e s  wi th in  t h e  network. The network theory 

of p r o t o l i g n i n  f inda progressively wider a c c e p t a b i l i t y  among 

r e sea rche r s  i n  t h e  f i e l d  as t h e  experimental  evidence point ing 

t w a r d a  its v a l i d i t y  grows. a t h a u g h  t h e r e  is s t i l l  a lack of 

a g r e a e n t  on t h e  precise a r c h i t e c t u r e  of p ro to l ign in ,  major ef- 

f o r t s  twards so lv ing  t h i s  c o n t r o v e r s i a l  issue are emerging from 

t h e  a p p l i c a t i o n  of t h e  g e l  degradat ion theory and its nodifica- 

tions11-15. 

Our recen t  mrk vhich has experimentally examined t h e  r e  

v e r s i b i l i t y  of g c l a t i o n  on s y n t h e t i c  model networks, has provided 

q u a l i t a t i v e  data and q u a n t i t a t f v e  equat ions f o r  t h e  proceasl .  

T h i s  paper r e p r e s e n t s  an a t t a p t  t o  c o r r e l a t e  t h e  knawledge gain- 

ed from t h e s e  model experiments w i th  r e s u l t s  obtained by t h e  

degradat ion of l i g n i n .  D i o u n t H C l  d e l i g n i f  i c a t i o n  experiments, 

designed i n  accordance with t h e  requir-ents of t h e  g e l  degrada- 

t i o n  theory,  were performed. The s o l u b l e  l i g n i n s  were c h a r a c t e r  

i z e d  b d c r o a a a l y s i s ,  v t h o x y  content ,  U.V. a b s o r p t i v i t y ,  and 

Klason l i g n i n  contant.  Their molecular weights  and d i s t r i b u t i o n s  
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4 ARGYROPOULOS AND BOLKER 

were eva lua ted  by Gel Permeation ChrorratographyLw Angle Laser  

L i g h t  S c a t t e r i n g ,  GPCI LALLS. The process  o t  d e l i g n i f i c a t i o n  by 

a c i d o l y s i s  is t h u s  q u a l i t a t i v e l y  v i sua l i zed .  

XESULTS AWD DISCUSSION 

E x t r a c t i o n  wi th  dioxane:€i20:EiC1 by t h e  method of Pepper was 

u s e d  f o r  t h e  d e l i g n i f i c a t i o n  experiments16B 1 7 .  Dioxane ensured 

s u f f i c i e n t  swel l ing,  thus s a t i s f y l a g  t h e  primary requirements of 

t h e  g e l  deg rada t ion  theory,  i.e. uniform reagent  a c c e s s i b i l i t y  

and random bond cleavage. Another requirement of a g e l  degrada- 

t i o n  e x p e r h e n t  is t h a t  i t  be done i n  a batchwise mode. Accord- 

i n g l y ,  t h e  s w l l e n  black spruce wood sawdust w a s  r e f luxed  i n  t h e  

d e l i g n i f i c a t i o n  m e d i u ,  and t h e  detached l i g n i n  w a s  al lcwed to 

r-in i n  s o l u t i o n  f o r  t h e  du ra t ion  of t h e  experiment. The 

detached l ignin f r a g m n t s  were t h u s  g iven  t h e  oppor tun i ty  f o r  

f u r t h e r  c leavage a f  t a r  t h e i r  o r i g i n a l  d e t a c h e n t .  The experiment 

w a s  t hen  repeated wi th  f r e s h  wood and r e a g e n t s  f o r  ano the r  (more 

extended) per iod of time. The procedure f o r  p u r i f y i n g  t h e  l i g n i n  

s o l s  d i d  n o t  i nc lude  any d i a l y s i s  s e p a r a t i o n  techniques such as 

those  a p p l i e d  by [Rezanwich e t  a1.21. D i a l y s i s  w a s  avoided 

because t h e  purpose of t h i s  wrk was t o  examine t h e  average 

molecular  weights  of t h e s e  sols in t h e  con tex t  of t h e  g e l  d e g r k  

d a t i o n  theory. Any exc lus ion  of material f t a  t h e  maasurements, 

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

Table  1 shows t h e  ana lyses  which chemically c h a r a c t e r i z e  t h e  

f i v e  samples of dioxanc l i g n i n  which were i s o l a t e d .  The elemen- 
t a l  a n a l y s i s  of t hese  l i g n i n s  c l o s e l y  ag rees  v i t h  t h a t  reported 

by Bolker a t  a l e7  f o r  pure cuoxam lignin. The methoxy con ten t s  

s h a m  i n  Table 1 range around 15% f o r  up t o  fou r  hours  d e l i g n i f i -  
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CONDENSATION OF L I G N I N  5 

0 .s 61.61 S I d O  31.6 1S.05 19.6 
2.0 62.90 S.90 31.2 15.04 21.0 
J .o 6 3 3 1  S.63 30.8 1S.06 22.0 
4.0 65.36 5.62 S1.0 14.94 23.2 
6 -0 63.78 S.74 30.4 1 4 3 1  23.6 

93.6 
9S.l 
93.7 
9S.6 

( a )  0y d l f f r m c o  
(b) A t  280 m 
(el The s u  of K l a m  and acld soluble l lgnln 
A l  I m u l t s  g l r n  ere tho a w r q e s  of L p l l c s t e  runs 

c a t i o n  the.  This is in c l o s e  agreement with t h e  results t h a t  

P e p p e r  e t  and Rezanwich e t  al .2  obtained fa  i s o l a t i n g  

black spruce d i o u n c  l i gn ins .  It 1s 8180 q u i t e  co rpa rab le  t o  t h e  

value obtained by Elrun and L i d b e r g l a  (14.98%) f o r  pine dioxane 

Lignin. 

The u l t r a v i o l e t  abso rp t ion  cocff  i c i e n t s  a t  280 nm, measured 

f n  te t rahydrofuran,  are in f a i r  a g r e a e n t  w i t h  those f o r  d i o u n e  

l i g n i p .  p u r i f i e d  by d i a l y s i s 2 ,  and a l s o  ag ree  I n  e x h i b i t i n g  

inc reas ing  t rend wi th  increasing degree of s o l u b i l i t a t i o a .  I f  

accepted as criteria f o r  p u r i t y  of the s a p l e s ,  t h e  results in 

Table 1 MY c h a r a c t e r i z e  them as reasonably pure. 

These f i v e  dioxane l i gn ins ,  when exanined on a G e l  Permea- 

t i o n  Chrcmatograph equipped in series with a Refractfve Index 

(RI) and a Lov Aqle Laser Light  S c a t t e r i n g  (LALLS) de tec to r ,  

gave t h e  chraatograms of Figure 1. The do t t ed  l i n e s  r ep resen t  

t h e  LALLS responses while t h e  s o l i d  lines represent  t h e  RI 
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ARCYROWULOS AND BOLKER 

35 40 45 50 55 60 

Elution vdume, Ih, ml 

F I C U U  1. The CPC/LALLS outputs of t h e  batchvise d f o u n e  
l i g n f n  p r e p a r a t i o n s  of Tables  1 and 2. 

responses. Since  t h e  RI d e t e c t o r  responds l i n e a r l y  t o  r e f r a c t i v e  

index d i f fe rences ,  Its response is a func t ion  of concentration. 

The LALLS d e t e c t o r  responds l i n e a r l y  t o  t h e  s c a t t e r i n g  i n t e n s i t y ,  

which is a f u n c t i o n  of concent ra t ion  and molecular n i g h t .  The 

poin ts  of i n t e r e s t  i n  t h i s  figure are: 

(a) A l l  RI responses  are broad, becoming progress ive ly  broader as 

d e l i g n i f i c a t i o n  time increases .  Maximum broadness is s h m  

i n  t h e  suple  i s o l a t e d  a f t e r  s i x  hours of d c l i g n i f i c a t i o n .  

(b)  The LALLS p.~.h= response lies above t h e  high molecular 

v c i g h t  end of t h e s e  d i s t r i b u t i o n s  and becomes progress ive ly  

more pronounced v i t h  increas ing  d c l i g n i f i c a t i o n  t i re .  

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



CONDKNSATION OF LICNIN 7 

Fur the r  i n t e r p r e t a t i o n  of the results in Figure 1 f i r s t  

r e q u i r e s  a discunsion of t he  r ecen t ly  discovered phenomenon of 

l i g n i n  fluorescence.  011 analyzing k r a f t  l i g n i n  s o l u t i o n s  by t he  

s a c  technique, Kolpak a t  al.19 o b e r v e d  a bimodal response in 

t h e  LALLS d e t e c t o r  and a unimodal response in t h e  RI de tec to r .  

The aecond LALLS peak, repreaent lng t h e  larer molecular weight 

ma te r i a l ,  was unexpected. Although t h e  e x t i n c t i o n  c o e f f i c i e n t  of 

their  s .np le  was as l w  as 0.12 d./ng.cm a t  t h e  wavelength of t h e  

Be/Ne l a s e r  used, they observed t h e  disappearance of t h i s  second 

lar molecular n i g h t  peak of t h e  U L L S  d e t e c t o r  when an i n t e r  

f e rence  f i l t e r ,  vhich removed t h e  e f f e c t s  of f luorescence,  vas 

placed between t h e  s c a t t e r i n g  c e l l  and t h e  p h o t o u l t i p l i e r  tube. 

A -11 s h i f t  of t he  m a x i m -  LALLS response (towards t h e  high 

molecular m i g h t )  was 8160 observed i n  the  presence of t he  

f i l t e r .  The explanat ion Kolpak e t  a l . 19  gave f o r  t h e  phenomenon 

was t h a t  t h e  p w t r  of t he  l a e e r  r a d i a t i o n  was g r e a t  enough t o  

cause fluoremcence in l i g n i n  while  t h e  p w e r  of t h e  xenon lamp, 

used in t h e i r  f luore8cence s p e c t r a w t c r ,  uas not. S imi l a r  find- 

ings hrrc also been reported by H a ~ o u  and Cictek [ Z O ] ,  and by 

Kim and Pricke21. Hanson and Cietek,  who used an i d e n t i c a l  

i n S t M t 2 n t  t o  ours  and t o  t h a t  of Kolpak e t  al .19,  oboervad no 

bimodality of t he  LALLS response in t h e  ab8ence of an i n t e r  

f e rence  f i l t e r .  what they obaerved w a s  t h e  s h i f t i n g  of the 

d m u m  of t h e  LALLS peak t o  higher  molecular weights when t h e  

f i l t e r  warn placed in t h e  i n 8 t M e n t .  The results in l i g u r e  1 

uere recorded without any c o r r e c t i o n s  a l l w i q  €or  t h e  reported 

fluoremcence, because t h e  e x t i n c t i o n  c o e f f i c i e n t  of t hese  s a p l e s  

a t  633 nm was found t o  be very near  zero. 

In t h e  l i g h t  of t h e  preceding d i scuss ion  of fluorescence,  

one would expect t h a t  a l l  t h e  LALLS maximum responses of Figure 1 

would be moved t o  t h e  l e f t  ( i . e . ,  lwer e l u t i o n  volumes) i f  an 

i n t e r f e r e n c e  f l l t e r  were placed in t h e  i n s t r u e a t .  Such h e t e r c r  
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8 ARGYROPOULOS AND BOLKER 

Table 2 

Ylelds, bblocular bl@ts, and fbfractlve Index I n a m s ,  
of theDlomdiiCI Llgnlns a t  Varlas Stagos of [kllgnlflcatlon 

OL 0.5 3 .o 0.111 0.1817 1 .I4 0 6 6  1.71 
OL 2.0 8.7 0.321 0.1882 1.87 1.02 1.85 
DL 3.0 10.2 0576 0.1826 2 .47 1.45 1.70 
OL 4.0 15.0 0.480 0.1835 1.92 2.78 1.41 
DL 6.0 20.1 be749 0.1915 4 -81 2 A9 1 A6 

(a) C a l a l a t d  tra t h e  K l a m  llgnln content of roo4 Us - I llgnln Isolated/ 

(b) Awrape of )ro GFChKLS runs 
k n d  vlrlel cmfflctent used: 5 x mI nl g'2 19*35. 

KlawJn I lgnln amtmnt 

g e n e i t y  is what i n  f a c t  one expec t s  t o  observe i f  d e l i g n i f f c a t i o n  

proceeds via t h e  random degrada t ion  of  a polymer n e t w r k 2 2 - 2 4  and 

t h a t  was repeatedly observed during our  model g e l  degradat ion 

e x p e r h a t s  1. 

The molecular m i g h t  averages of t h e  five l i g n i n  samples, 

determined by CPC/LALLS, are repor t ed  in Tab le  2. The weights  of 

t h e  s o l  f r a c t i o n s  (Us) are a l s o  s h a m ,  as c a l c u l a t e d  I r a  
l i g n i n  yields and Klason l i g n t n  con ten t  in t h e  o r i g i n a l  wood 

s a p l e .  The r e f r a c t i v e  index i n c r m e n t s ,  determined i n d i v i d u a l l y  

on each a m p l e ,  are a l s o  sham. These last p h y s i c o c h d c a l  

results are a c t u a l l y  considerably h ighe r  than t h e  average of 
0.122 mL g'l r epor t ed  by Rezanovich e t  al.Z. 

In agreemen t  wi th  a l l  previous r ep0r t s2 -~ '10 ,  the molecular 

weights  of t h e  s o l u b i l i z e d  l i g n i n s  inc reased  p rogres s ive ly  vi t h  

I n c r e a s i n g  s o l u b i l i z a t i o n .  The p o l y d i s p e r s i t y  r a t i o s  (zw/nn) of 
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CONDENSATION OF LIGNIN 9 

300 

200 

100 

-Srabo and Gorha modols 

---Oolkor and Oronnor mod01 

-datahwloo dali.niflcatton 
(dloxono/HCI) 

0.2 0.4 0.6 0.8 

Soluble fraction,W, 

1 1 6 W  2. The p l o t  of Xu v e r s u s  Us f o r  t h e  b a t c h v i s e  
d e l f g n i f i c a t f o n  of wood wi th  dioxane/HCl. For colb 
par f son  t h e  two w d a l s  based on t h e  g e l  d c g r d a t i o n  
theo ry  a r e  8 1 S O  p l o t t e d  (molecular  weight of r epea t  
unit-2007~'.) 

t hese  l i g n i n s ,  hwever ,  did not a h w  t h e  progressive inc rease  

expectad t o  Occam during a gel degr8d8tiOn proca88. The dat8 Of 

P h i ' ( ,  on similar samples produced by t h e  successive e x t r a c t i o n  

technique, do show t h i s  trend. 

The results are so f a r  in aood q u a l f t a t l v e  agreement with 

what one expects f r a  t he  degradat ion of a c ross l inked  network: 

t h e  he t e rogene i ty  of t h e  aols, t h e  skcved shape of t h e  r e f r a c t i v e  

idu c h r o u t o s r s r s ,  and wst important ly ,  t h e  t rend of t h e  
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10 ARGYROPOULOS AND BOLKER 

i n c r e a s i n g  s o l  molecular weight w i th  s o l u b i l i z a t i o n .  The corre- 

l a t i o n  of t h e  molecular weight d a t a  of Tab le  2 w i t h  t h e  Szabo and 

Coring model of  d e l i g n i f i c a t i o d  and t h a t  of Bolker and Brenner9, 

however, s t i l l  remains t o  be examined. 

The p l o t  i n  Figure 2 i n d i c a t e s  t h a t  n e i t h e r  of t he  tvo 

models c o r r e l a t e s  w i th  t h e  experimental  r e s u l t s .  The molecular 

w i g h t s  of t h e  i s o l a t e d  Lignins are h i g h e r  t han  t h e  p r e d i c t i o n s  

of both models. Q u a l i t a t l v e l y ,  t h e  expe r imen ta l  s igmoidal  shaped 

curve accords wi th  t h e  two-gel model of  Szabo 8nd Goring, but 

t h i s  agreement is probably no t  meaningful. Q u a n t i t a t i v e  agree- 

ment of t h e  tuo-gel model has  been r epor t ed8  f o r  both k r 8 f t 3  and 

s u l f  i t&  d e l i g n i f f c a t i o n  when conducted by cont inuous ex t r ac t ion .  

Lignln Associrtfre 1rtcr.ctioP. 

To acccunt  €or t h e  videspread d i s p a r i t i e s  r epor t ed  between 

molecular weight. a d  d i s t r f b u t i o l u  of l i g n i n e ,  a s s o c i a t i v e  ef- 

f ects have been proposed. Such a s s o c i a t i v e  i n t e r a c t i o n s  among 

l l g n i n  c a p o n e n t s  have been found t o  occur  du r ing  g e l  permeation 

chromatography in d i f f e r e n t  mobile p h a s e ~ ~ ~ - 2 ~ .  Conclusions on 

e x t e n s i v e  hydrogen b o d  f o r n a t i o n  betvcen free hydroxyl groups i n  

dioxane l f g n i n s  have a l s o  been r epor t ed  by iiatakeyama28 and 

B O ~ O Q O ~ O V  e t  81.29. n u s ,  any a s s o c i a t i o n  between l i g n i n  m o l t  

cules I n  8 O h t f O n  w u l d  cause 8n i n c r e a s e  i n  t h e i r  molecular 

weight Values, vh ich  in t u r n  r i g h t  account  f o r  t h e  d i s c r s p r n c i e s  

observed in Figure 2. 

I n  o r d e r  t o  exp lo re  t h i s  p o s s i b i l i t y ,  fou r  of t h e  i s o l a t e d  

dioxane l i g n l n s  were q u a n t i t 8 t l v e l y  a c e t y l a t c d  wi th  acetic 

anhydride in p p i d i n e  (as desc r ibed  by Eatakeyama e t  81.28). The 

molecular ve fgh t8  of t h e  a c r t y l 8 t e d  s a p l e 8  vere then  r c e v a l u -  

a t e d  by GPC/LALLS. E s s e n t i a l l y  no chaages were observed i n  t h e  
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CONDENSATION OF LICNIN 11 

Table 3 

tbloarlar Y l @ t r  of Varlars Dlomno Llgnlns * f a .  and M t o r  koty la t lon  

Lbleculer bbl@ts Lbleatl a r  Ml@ts(a )  
0.1 Ignlflcatton mtar~ h t y l a t l o n  (g a1-1)   tor h t y l a t l o n  (g a1 -1 )  

saW1.s 
Tlllb (h) uU 10-4 gn 10-4 auAn au 10-4 fin . 10-4 ipn 
DL 2.0 1-81 1.02 1.83 0.96 0.54 2.85 
OL 5.0 2 A 7  1.4s 1-70 2.76 1.29 2.1 4 
OL 4.0 3.92 1.78 1.41 S.7S 3.10 1 .8S 
DL 6.0 4.81 2.89 1 4 6  6.40 2 -70 2 5 7  

(a) Avorqo of Iwo runs, d d d c  used: 0.18S4 d g-l, suond v l r l s l  cosfflclent: 
s 10-5 =I .L g-2 

c h r c l r a t o g r m ~  of the  ace ty l a t ed  sanp le s  compared t o  those of 

t h e i  r non-ace ty l a td  counterpar ts .  Their unimodal and broad 

c h a r a c t e r  was uniformly retafned,  t oge the r  with t h e i  r maximu 

e l u t i o n  volumes. The i n t e n s i t y  of s c a t t e r e d  l i g h t ,  houever, was 

found t o  change and gave t h e  new set of molecular weight values  

6hOWU in Table 3. 

I f  a s s o c i a t i o n  wi th in  the  original l i g n i n  s o l u t i o n s  does 

occur, one would expect a decrease in both n i g h t  and n u b e r  

average molecular ve fgh t s  a f t e r  a c e t y l a t i o n  (aSSmiQg t h a t  acety- 

l a t i o n  f u l l F  des t roys  a l l  a s s o c i a t i o n  coaplexes).  "he 'i values  

O €  Table 3 do e x h i b i t  such a t rend,  except  f o r  one s m p l e ,  v h i l e  

t h e  iw v a l u e s  s h a r  t h e  opposite.  A sumple c a l c u l a t i o n  in which 

i t  was asmned t h a t  l a r g e  highly f u n c t i o n a l  molecules a s s o c i a t e  

p r e f e r e n t i a l l y  t o  a a l l e r  ones, has ind ica t ed  t h a t  t he  p o l y d i s  

p e r s f t y  r a t i o  of a polymer i n  which no a s s o c i a t i o n  occurs  should 

be higher  than i t s  counterpar t  where a s s o c i a t i o n  operates:  i . e . ,  

t h e  breadth of t h e  size d i s t r i b u t i o n  w i l l  be wider in t h e  r m p l e  

t h a t  s h a m  no associat ion.  The r e s u l t s  in Table 3 ag ree  with 

t h i s  concept: t h e  gwlgn i nva r i ab ly  increased a f  ter ace ty l a t ion .  

n 
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12 ARCYROPOULOS AND BOLKER 

A f a c t o r  t h a t  causes  a d d i t i o n a l  coupl ica t ions ,  hawever, is 

t h a t  on a c e t y l a t i o n  t h e  molecular weight per  C9 u n i t  in l i g n i n  

w i l l  i n c r e a s e  by incorpora t ion  of acetyl groups on each prcvi- 

ous ly  f r e e  hydroxyl posi t ion.  This i n c r e a s e  i s  expected t o  be 

s u b s t a n t i a l ,  because t h e  NHR vork of Leaz3O has  shown t h a t ,  in a 

v a r i e t y  of l i g a i n  prepara t ions ,  t h e r e  is a t  least one f r e e  

hydroxyl proton per  C9 unit .  These opposing e f f e c t s  preclude 

draving  any d e f i n i t e  conclusions concerning t h e  presence o r  

absence of a s s o c i a t i o n  i n  t h e  dioxane l i g n i n s  descr ibed  in Tables 

2 and 3. 

Another parane ter  t h a t  requi res  examination is t h e  possi- 

b i l i t y  of l i g n i n  self-coodensation r e a c t i o n s  occurr ing  during t h e  

experiment. Such r e a c t i o n s  would c e r t a i n l y  cause t h e  molecular 

weights  of t h e  i s o l a t e d  s o l s  t o  be  h igher  than  those  pred ic ted  by 

any g e l  degradat ion model. Evidence favor ing  t h e  occurrence of 
condensat ion r e a c t i o n s  in l i g n i n  model campounds under a c i d o l y s i s  

c o n d i t i o n s  has  been reported by Lundquist and Ericsson31. 

I n  o r d e r  t o  8hed some l i g h t  on t h e  mttcr, a t  least v i t h  

r e s p e c t  t o  dioxane/HCl condi t ions,  t h e  l i g n i n  i s o l a t e d  e a r l y  i n  

t h e  process  ( i . e . ,  a f t e r  0.5 h of d e l i g n i f i c a t i o n )  w a s  recooked 

under  s tandard condi t ions  f o r  var ious l e n g t h s  of time. These 

experiments ware aimed at a n s w r i n g  t h e  quest ion:  do t h e  iso- 

l a t e d  l i g n i n  f r a g r n t s  f u r t h e r  degrade dur ing  a ba tchvise  process  

according t o  t h e  requir-nts of t h e  g e l  degrada t ion  theory? The 

results i n  Table 4 suggest  t h a t  t h e  ansver  is negative.  The 

recooking of t h e  e a r l y  mmple, DL 0 .5 ,  f o r  var ious  lengths  of 

t h e  ranging f r a  1.0 t o  7.0 hours  caused a monotonic i n c r e a s e  in 

its molecular weight. 
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CONLIENSATION OF L I C N I N  13 

Table 4 

hlocular Y l g h t r  Otalnod on 
RacaYclq an Early Dlomno Llgnln Sarplo 

OA 
I .o 
2.5 
4.0 
7 -0 

1 .I4 O b 6  1.71 
1.60 1.20 1.26 
1.70 I20 1.40 
2.30 1.80 1.20 
4.90 5- 1 do 

(a )  Srple raodcad uns tho or). l a l a t o d  a t  0.5 hrs of 

(b) d d d c  used: 0.1894 I second v l r l a l  ccwf f tcfont: 
dellgnlflcstlon show I n  Table 2. DL 0.5. 

5 10-5 m~ II p. 

The chraratograms from t h i s  last  series of experiments are 

s h a m  i n  Figure 3. The r e f r a c t i v e  index response seemed t o  

n a r r w  somewhat a s  recooking becme more extensive.  A t  t h e  sme 

the ,  t h e  LALtS response progressively i n t e n s i f i e d .  Figure 4 
smmar lzes  t h e  f r a c t i o n a t i o n  exh ib i t ed  by t h e  ch raa tog rams  of 

t h e  recooked samples. The chromatograms show t h a t  t h e  sample 

contained a v a r i e t y  of d i s t i n c t  spec ie s  during t h e  e a r l y  stages 

of t he  recooking process. As t h e  recooking t h e  increased, 

hwever ,  t he  d i s t r i b u t i o n s  became smoother, vhile neu species 

appeared in t h e  hfgh molecular m i g h t  region. Thus, d i s t i n c t  

s p e c i e s  seemed t o  condense together  giving rise t o  l a r g e r  

molecules of a v a r i e t y  of s i z e s ,  vhich, a t  t h e  7.0  hour recooking 

t h e ,  r e su l t ed  in a Jpooth curve t a i l i n g  towards t h e  high molecu- 

lar weight end of t h e  d i s t r i b u t i o n .  Such behavior is q u a l i t k  

t i r e l y  very similar t o  t h e  changes expected w i t h i n  s o l s  approach- 

ing t he  g e l  po in t  during po ly func t iona l  gelation, o r  approaching 

the  degelat ion pofnt du r i ag  network degradat ionl .  During 
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14 ARGYROPOIILOS AND BOLKER 

R.co0k.d d 0 X . m  nanh: Chronrtoqmm 

- .h 

7.0 

4.0 

2.5 

1 .o 

0.0 

I I I I I I I 

40 50 60 70 

Elution volume, mC 

.fcvM 3. CPC/LALLS o u t p u t s  of t h e  recoolred dioxone ligninc of 
fab le  4 .  

polymerizat ion before t h e  gel point ,  t h e  high molecular weight 

t a i l  of t h e  spec iea  d i s t r i b u t i o n  should becaoc progress ive ly  more 

pronounced a t  t h e  expanse of t h e  larer molecular weight species .  

It .ems, therefore ,  t h a t  t h e  recooking of an  e a r l y  f r a c t i o n  

(DL 0 . 5 )  of dioxane l i g n i n  i n i t i a t e s  g e l a t i o n .  

This conclusion is f u r t h e r  s t rengthened by t h e  observa t ion  

t h a t ,  a t  t h e  end of t h e  recooking per iods  t o t a l l i n g  4.0 and 7.0 

hours, r e s p e c t i v e l y ,  a -11 amount of g e l a t i n o u s  i n s o l u b l e  s u b  

s t a n c e  appeared. I t  vas not  p o s s i b l e  t o  a c c u r a t e l y  quant i fy  it, 
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CONDENSATION OF LICNIN 15 

1.0 

I I C U U  4.  The fractionation of four of the recooked dioxane 
l l a n i n  samples of Table 4. 
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16 ARCYROPOULOS AND BOLKER 

h m e v e r ,  due t o  t h e  small scale on which t h e s e  experiments were 

done. The appearance of a g e l  f r c a  t o t a l l y  s o l u b l e  s t a r t i n g  

materials almost unequivocal ly  suppor t s  t h e  conc lus ion  t h a t  gela- 

t i o n  took place,  t h u s  rendering f r u i t l e s s  auy a t t empt s  t o  

r a t i o n a l i z e  t h e  observed i n c r e a s e  of t h e  molecular weights  on t h e  

b a s i s  of a s s o c i a t i v e  e f f e c t s .  The r e a c t i v e  n a t u r e  of dioxane 

l i g n i n s  has a l s o  been confirmed by Sov ie t  c h d s t s  during t h e  

p a s t  decade29*32-3c- 

I t  might be argued t h a t ,  i n  t h e  p r e s e n t  experiments,  t h e  

phencmenon of recondensat ion was observed on only a mall f r a c  

t i o n  of t h e  t o t a l  l i g n i n  i s o l a t e d  from wood: t h e s e  experiments 

were done on s a p l e  DL 0.5 (Table 2 )  which r e p r e s e n t s  only 11.1% 

v/w of t h e  t o t a l  l i g n i n  t h a t  wood contains .  Therefore ,  l i g n i n  

f r a c t i o n s  i s o l a t e d  du r ing  later 8tlgeS of t h e  o r i g i n a l  d e l i g n f f i -  

c a t i o n  experiments were recooked, and Table  5 s h w s  t h e  r e s u l t s .  

The s-ple t aken  f o r  recooking w a s  DL 3.0 (o f  Tab le  2)  which 

r ep resen ted  37.6% w/w of t h e  l i g n i n  p r e s e n t  i n  wood. I ts  mole- 

Table  5 

2 4 7  
4.04 
4.95 
5.1s 

(d) 
-0.709 x 10-3 

-0.862 x 10-3 
-0541  x 
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CONDENSATION OF LICNIN 17 

u l a r  v e i g h t  (n ) doubled a f t e r  one hour of recooking, while  more 

extended treatment (2 and 4 hours) gave 8 u c h  mal le t  i n c r e a s e  

i n  t h e  molecular w i g h t .  When a late l i g n i n  f r a c t i o n ,  s m p l e  DL 
6 . 0 ,  r ep resen t ing  74.92 v/v of t h e  l i g n i n  in wood, was recooked 

f o r  an a d d i t i o n a l  15 hours, i ts weight average molecular e i g h t  

increased f t o a  4.81 x lo4 g n o r 1  t o  1.3 x lo5 g r01-~. 

V 

The w f e c l l l a r  weights in T 8 b h  5 were d c t e d n e d  by t he  

s t a t i c  la# ang le  la8.r l i g h t  s c a t t e r i n g  technique, thus a l l w i n g  

f o r  t h e  d e t e d n 8 t i o n  of t h e  second a r i a 1  c o e f f i c i e n t s  of t he  

lignins. The s i g n i f i c 8 n t  f e 8 t u r e  of t hese  n u  p h y s i c o c h d c a l  

d a t a  i s  that t h e  v8lues thus  determfaed a r e  a l l  negative. A 

negat ive second virial  c o e f f i c i e n t  is r a t h e r  unusual and can be 

a t t r i b u t e d  t o  palper aggregation. Such a negat lve value vas 

a l s o  reported by Kolpak e t  a1.19 i n  t h e i r  s t u d i e s  of a m e d i e  

k8pp8 k r a f t  l i gn fn ,  and v8s r a t i o n a l i z e d  by invoking aggregation. 

Gupta and Gori-35, on t h e  o t h e r  hand, reported a z e r o  second 

v i r i a l  c o e f f i c i e n t  i n  t h e i r  e a r l y  s td ies  of a l k a l i  l ignins .  

Thus, t h e  p o s s i b i l i t y  of a s s o c i a t i o n  in t h e  l i g n i n s  in s o l u t i o n  

f i n d s  support  i n  t h i s  nay set of  results. 

These a d d i t i o n a l  recoolring experiments c l e a r l y  i n d i c a t e  t h a t  

t h e  recondensation of dioxane l i g n f n  proceeds throughout t h e  p r e  

cess and is not  a property of only t h e  e a r l y  l i g n i n  f r ac t ion .  

T h i s  conclusion, kwcvcr ,  is i n  d i r e c t  con t r ad ic t ion  t o  t h e  

results of Adler ct P e l i c e t t a  and 11cC.rthy37, Y e m  a d  

Goring‘ 8nd Nokih8ra e t  al.38, in vh ich  t h e  molecular v e i g h t s  of 

recooked l ignosu l fo ru te s  shoved a M r k e d  decrease.  

A poss ib l e  expl8MtiOU f o r  t h e  con t r ad ic t ion  between t h e  

p re sen t  experimental  results 8nd those  in t h e  l i t e r a t u r e  arises 

from c l o s e r  axamination of t h e  c h d s t r y  of t he  r e spec t ive  

d e l i g a f f  i c a t f o n  processes. P e l i c e t t a  and McCarthy3’ and Pean and 
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18 ARCYROPOULOS AND BOLKER 

Coring4 del igul f  l ed  vood in bisulf  i te sulfurous ac id  solut ions.  

The r e su l t i ng  llgnin preparat ions -re dialyzed and recooked in 
t h e  s-e w d i u  o r  i n  uater a t  lw and high con cent ratio^. The 

molecular weights measured always gave numbers l a w e t  than t h e  

s t a r t i n g  preparation. Out expetlments, b e v e t ,  are chemically 

d i f f e r e n t  f r a  theirs .  The d i o u n e  l i gn ins  of Table 2 were 

prepared and, v i thout  p r io r  d i a lys i s ,  were recooked i n  a medim 

vhich is c h d c a l l y  d i f f e r e n t  f r o a  t h a t  of t he  previous s tudies .  

The presence of su l fonic  group8 on the  k a r y l  carbow vould 

probably r e a d t  i n  p a r t i a l  s t a b i l i ~ a t i o n ~ ~  of the  l i g n i n  spec ies ,  

consequently d n L r i z i n g  condensation. The a b e n c e  of su l fonic  

groups I n  t h e  d i o u n e  preparat ion vould have the  opposite e f fec t .  

I n  any event, the  p o s s i b i l i t y  of i r r e v e r e i b l e  condensation 

reac t ions  occurring during a batchwise a c i d i c  su l f  i t e  pulping 
proce8s was a lso  accounted f o r  by Nokihara et a1 .w They 

o k c r v e d  t h a t  t h e  w l e d a r  weight of so luble  l igposulfouates ,  a t  

nearly complete de l ign i f  i ca t ion ,  decreased f u r t h e r  with addi  tioo- 

a 1  cooking t o  a value of about S O 0 0  8 -1-1. Further cooking 

resu l ted  in an increase of t he  molecular w i g h t .  

The exper i ren ta l  procedure of Nok ih ra  e t  d . 3 8  is r e a l l y  

t h e  only one t h a t  can be corpared t o  ours, k C 8 U s e  t h e i r  experi- 

ments ycce performed batchvise, and they did not dialyze the 

so luble  products p r i o r  t o  molecular ve ight  evaluation. Dia lys i s  

of a l i g a i n  preparation, as performed by l e l ice t ta  and UcCarthy37 

and Ye8n and Goring', w d d  remove a subs t an t i a l  f r ac t ion  of t he  

l o w  molecular m i g h t  rtet18.l. It is poe8ible that such a 

dialyzed s a p l e  msy be less suscept ib le  t o  condensation on re- 

coOiCing, due t o  the  8bsence of omaller s ized  species.  When such 

species are present,  they m y  serve a s  bridges t o  connect two 

larger fragments. This concept is supported by the  absence of 

l w  molecular weight p e a k s  i n  t he  c h r a a t o g r e s  of Figures 1 
and 3. 
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CONDENSATION OF LICNIN 19 

The d a o n s t r a t e d  s e n s i t i v i t y  of d i o r r n e  l i g n i n  p repa ra t ions  

t o  recondensation duriag t h e  cook readers t h e  p re sen t  results 

unmuitable f o r  t e s t i n g  t h e  g e l  degradat ion theorg.  The f u a c t i o n s  

t h a t  relate 801 f r a c t i o n ,  degree of react ion,  and molecular 

weights of t h e  s o l u b i l i z e d  product cannot be app l i ed  t o  dioxane 

l i g n i n s  because of t h i s  s e r i o u s  l i d t a t i o n .  Revertheless ,  in 

p r i n c i p l e ,  a d e l i g n i f i c a t i o n  r e a c t i o n  which causes only t h e  

r a n d a  cleavage of s p e c i f i c  bonds i n  t h e  l i g n i n  network m y  lead 

t o  t h e  d e t e r a i n a t i o n  of previously i n a c c e s s i b l e  a r c h i t e c t u r a l  

network c h a r a c t e r i s t i c s  through the  use of t h e  g e l  degradat ion 

equations.  Accordingly, f u t u r e  e f f o r t 8  i n  t h i s  area of l l g n i n  

r e sea rch  should be d i r e c t e d  toward t h e  d e v e l o p e n t  of a dcl ignf-  

f i c a t i o n  process  which w i l l  f u l l y  corply with t h e  r e q u i r a e n t s  of 

t h e  gel degradat ion theory. 

Black spruce s r d u s t ,  p r r e x t r a c t e d  f o r  over  50 hours w i t h  a 

1:l acetone:ethanol mixture, was s t o r e d  at -1O'C u n t i l  used. 

I u d i a t e l y  p r i o r  t o  use, i t  was d r i e d  i n  a V ~ C U I P  oven a t  35'C 

f O K  40 hours. The fat-extracted,  dry savdust  contained 27.1% 

Klason l i g n i n  and 0.3% ac id  s o l u b l e  l i gn in .  The d i o u n e  used in 

t h e  d e u g n i f  i c a t i o n  experiments was always f r e s h l y  d i s t i l l e d  f r a  
sOdi=, and k a p t  undor a p o s i t i v e  dry n i t rogen  pressure.  

The method of Pepper e t  a1.16; was e s s e n t i a l l y  followed f o r  

pKeparing t h e  d i o u n e  lignin f r a c t i o n s .  Delignif  i c a t i o n  was 

a l l aued  t o  proceed f o r  each of t h e  time i n t e r v a l s  s p e c i f i e d  i n  

Table 1. The procedure was then repeated wi th  f r e s h  wad and 

resents f o r  subsequent longer  times. 
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20 ARCYROPOULOS AND BOLKER 

E l a e n t a l  analyses and m e t h o q  c o n t e n t s  reported i n  Table  1 

were determined by Scbarzkopf  n i c r o a n a l y t i c a l  Laborator ies ,  

Woodaide, N.Y. The I h s o n  l i g n l n  c o n t e n t s  Vera determined by t h e  

A n a l y t i c a l  Services Division of t h e  Pulp and Paper Research 

I n s t i t u t e  of Canada, Point. Claire, Qu&bcc. U l t r a v i o l e t  absorp- 

t i o n  c o e f f i c i e n t s  were =asured on a Pye-Unfcan SP8-150 W/ 

v i s i b l e  spectrophotcmeter  at  280 ZIP i n  THF s o l u t i o n s  ranging i n  

concen t r a t ion  from 5 t o  30 x g/L. 

The dioxane l i g n i n s  vere a c e t y l a t e d  acco rd ing  t o  t h e  modifi- 

c a t i o n  by mtakcy-  a t  al.28 of t h e  Brauns40 technique. 

For t h e  recookfng experiments, approximately 100 ng of 

dfoxane l i g n i n  vas dissolved in 10 mL (1% v/v)  of t h e  d i o u n e :  

H 2 0 : I i C l  mixture (90:8:1.8) under dry ni t rogen.  The s o l u t i o n  w a s  

t h e n  recooked a t  97-99'C f o r  t h e  r equ i r ed  t h e .  A t  t he  end of 

each recooking per iod,  as s p a c i f i e d  i n  Tab les  4 and 5 ,  t h e  solu- 
t i o n  w a s  concentrated and t h e  l ignin  w a s  p r e c i p i t a t e d  i n  150 d. 

of d i s t i l l e d  vater. 

For  i n s t m e n t a l  analyses ,  a s o l u t i o n  of k n a m  concen t r a t ion  

( u s u a l l y  2.5 x g/pt) of t h e  dried l i g n i n s  i n  d i s t i l l e d  TAP 
was f i l t e r e d  through a 0.5 pm nillipore f i l t e r  (Waters Associ- 

a t e s ) .  These s o l u t i o n s  were prepared and s t o r e d  a t  -4 'C,  a t  

least  24 hours p r i o r  t o  measu raan t s .  Sampler ycre prepared from 

t h i s  clean s tock  s o l u t i o n s  and a p p r o p ~ i a t e l y  d i l u t e d  for t h e i r  

r e f r a c t i v e  index determination, CPC/LAtLS chrcnotography, and W 

a b s o r p t i o n  measur-ents. Molecular w i g h t s  were determined by 

us ing  a CPC w i t h  a broad range of p-s ty rage l  columns, coupled i n  

series t o  a 1w(-6 C h r a a t i x  Lou Angle Laser Light  S c a t t e r i n g  

Photometer. The design and o p e r a t i o n a l  of t h e  f n s t n m e n t  have 

been d i scussed  i n  t h e  l i t e r a t u r e 4 1 .  
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