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v  i 

S UMMARY 

The prob lem o f  increased u t i  1 i z a t  i on  o f  1 i g n i n  has been approached 

from two d i r e c t i o n s :  f i r s t ,  a  procedure has been developed f o r  g r a f t i n g  

v i n y l  monomers t o  i s o l a t e d  1 i g n i n ;  second, g r a f t i n g  o f  h y d r o p h i l i c  mono- 

mers t o  pu lps  c o n t a i n i n g  s u b s t a n t i a l  amounts o f  l i g n i n  ( h i g h  y i e l d  pu lps )  

has been at tempted, 

I n  t he  f i r s t  case, s t y rene  was s u c c e s s f u l l y  g r a f t e d  by r a d i a t i o n  t o  

a commercial l y  a v a i l a b l e  l i g n i n ,  I n  the  more success fu l  cases, t h e  

g r a f t e d  p roduc t  has t h e  s o l  ub i 1 i t y  behav io r  o f  po l ys t y rene ,  Wh i l e  t he  

r e a c t i o n  proceeds adequate ly  i n  t h e  presence o f  good swe l l  i ng agents f o r  
6 

the  1 i g n i n ,  t he  expend! t u r e  o f  r a d i a t i o n  i s  g r e a t  (16 x  10 rads) ; on 

the o t h e r  hand, g r a f t i n g  i n  the presence o f  l a r g e  amounts o f  methanol 
6  

speeds t h e  r e a c t i o n  ( 3  x  4 x 10 rads) , presumably because o f  a  h indered  

r a d i c a l  t e r m i n a t i o n  r a t e ,  

I t  was found t h a t  ac ry lamide  cou ld  not be s i g n i f i c a n t l y  g r a f t e d  t o  

unbleached k r a f t  pu lps  c o n t a i n i n g  even o n l y  4% l l g n i n ,  Consequently, 

a  s tudy was made o f  the s t r e n g t h  p r o p e r t i e s  o f  b lends o f  h i g h l y  g r a f t e d  

pure  c e l l u l o s e  pu lps and t h e  ungra f ted  h i g h  y i e l d  k r a f t  pu lps ,  Whi le  

t he  blends s i g n i f i c a n t l y  improved t h e  s t r e n g t h  p r o p e r t i e s  o f  t h e  h i g h  

y i e l d  pu lp ,  t h e  r a d i a t i o n  i nvo l ved  and the  amounts o f  t h e  g r a f t e d  p u l p  

requ i  red  were g r e a t ,  thus c a s t i n g  doubt on t he  economic feas i b i l  i t y  o f  

such a  combinat ion,  





I  - INTRODUCTION 

L i g n i n  i s  the major non -ce l l u los i c  component o f  wood, comprising 

approximately 20% o f  the  weight  o f  hardwoods, and about 30% o f  softwoods, 

I n  chemical pu lp ing  processes, on l y  about 50% o f  the wood i s  actual  l y  

u t i l i z e d  as pulp, the remaining 50%, i n c l u d i n g  most o f  the  l i g n i n ,  i s  

e i t h e r  discarded as a  waste product,  o r  recovered as a  by-product,  The 

former procedure i s  c l e a r l y  the less acceptable o f  the two; i t  i s  n o t  

on ly  wastefu l ,  b u t  i s  a  major source o f  water  p o l l u t i o n ,  Consequently, 

the  pu lp  and paper indus t ry  has cont inuously  sought uses f o r  t h i s  most 

abundant raw ma te r ia l .  

An obvious, and  probably the most p r o f i t a b l e ,  u t i l i z a t i o n  o f  1 i g n i n  

i s  t o  r e t a i n  the mater ia l  i n  the pulp,  a  process which a l so  e  

the pol  l u t i o n  problem, Because o f  t h e  adverse e f f e c t  o f  1 ign  

s t reng th  and c o l o r ,  t h i s  concept presents some d i f f i c u l t i e s :  

o f  1 i g n i n ,  a  h i g h l y  hydrophobic mater ia l  , decreases the swe l l  

l u l ose  f i b e r s ,  and u l t i m a t e l y  the f i b e r - f i b e r  bonding, one o f  

f ac to rs  a f f e c t i n g  paper s t rength .  

Present ly ,  h igh  l i g n i n  content pulps, na tab ly  groundwood 

by the mechanical d e f i b r a t i o n  o f  wood), are blended w i t h  very 

i m i  na tes 

n  on paper 

The presence 

ng o f  c e l -  

the  major 

( ~ r o d u c e d  

h i g h l y  

hydroph i 1 i c  f i b e r s  before formed i n t o  a  sheet. S t  i 1 1  , as evidenced by 

the s t reng th  o f ,  say, newsprint,  t h i s  paper has poor s t reng th  p rope r t i es ,  

One means o f  improving the s t reng th  o f  the sheet made from blended f i b e r s  

i s  t o  increase the hydrophi 1 i c i  t y  o f  t h e  a d d i t i v e  f i b e r s ,  This can be 

done i n  several ways, one o f  the  most promising being g r a f t i n g ,  o r  chemi- 

c a l l y  bonding, o f  a  h y d r o p h i l i c  polymer t o  the a d d i t i v e  f i b e r s .  For 

example, acrylamide g ra f ted  to  c e l l u l o s e  has g r e a t l y  improved the water 

r e t e n t i o n  p rope r t i es  o f  the c e l l u l o s e  alone, The l i t e r a t u r e  on g r a f t i n g  

t o  c e l l  ulose i s  q u i t e  large,  and has been the sub jec t  o f  several compre- 

hensive reviews (1-4),  - - 
Because 1 i g n i n  can e a s i l y  be i s o l a t e d  from the pu lp ing  1 iquor  

(though h i g h l y  mod i f ied  from the s t r u c t u r e  o f  l i g n i n  i n  wood), research 

i n  1 i g n i n  u t i  1 i z a t i o n  has i n v a r i a b l y  been d i r e c t e d  toward the discovery 

o f  mod i f i ca t ions  o f  i s o l a t e d  l i g n i n s  which g i ve  some s p e c i a l l y  desirous 

p rope r t i es .  

The pu lp ing  l i q u o r ,  o r  i s o l a t e d  l i g n i n  can be used as fo l l ows :  

(1) discarded, (2)  burned f o r  f ue l  value, (3 )  u t i  1 ized f o r  i t s  physical  



2 

proper t ies ,  o r  (4)  u t i l i z e d  as a source f o r  marketable chemicals, no tab ly  

vani 1 1  i n  and dimethyl su l  fox id&.  

I t  i s  the t h i r d  category above which i s  an area o f  i n t e r e s t  f o r  the 

present  research. A recent technical  bu l  l e t i n  d i s t r i b u t e d  by the  West 

V i r g i n i a  Pulp and Paper Company (5) - gives a p a r t i a l  l i s t i n g  o f  the uses 

f o r  some 25 "1 ignochemicals" recovered from t h a t  company's k r a f t  pu lp ing  

process. These l i g n i n  mod i f i ca t ions  are used as d ispersants,  r e s i n  co- 

reactants,  e m u l s i f i e r s ,  s t a b i l i z e r s ,  sequestrants f o r  po l yva len t  metals,  

r e i n f o r c i n g  agents f o r  rdbber, and oxygen scavengers. Since most o f  the 

above uses i nvo l ve  the ex is tence o f  t he  1 i g n i n  w i t h  o the r  components o r  

phases, the l i g n i n  cbuld be more e f f e c t i v e  i n  some cases i f  i t  were more 

compatible w i t h  the  o the r  components. Again, the  g r a f t i n g  o f  some polymer 

(which would be chosen on the basis  o f  i t s  c o m p a t i b i l i t y  w i t h  the  pr imary 

component) t o  the 1 i g n i n  could g i ve  a product w i t h  g r e a t l y  enhanced 

p rope r t i es .  Thus, two approaches t o  improving l i g n i n  u t i l i z a t i o n  were 

taken i n  t h i s  research. The f i  r s t  invo lved the g r a f t i n g  o f  t h e  hydro- 

phobic monomer styrene t o  a commercially a v a i l a b l e  l i g n i n  i s o l a t e d  from 

the k r a f t  process. Styrene was chosen as the monomer because o f  t he  

weal th  o f  knowledge about t h e  behavior o f  t h i s  ma te r i a l ,  and the unknown 

nature  of  t h e  g r a f t i n g  reac t ion .  The second approach was t o  g r a f t  h i g h l y  

hydrogen bonding hydrophi 1 i c  s ide  chains o f  polyacrylamide d i  r e c t  l y  t o  

h igh  y i e l d  pulp,  o r  develop a h i g h l y  h y d r o p h i l i c  g ra f ted  pu lp  which could 

be blended w i t h  h i g h - y i e l d  k r a f t  pu lp  t o  g i ve  a sheet w i t h  improved s t reng th  

p rope r t i es .  



I I - GRAFTING TO L lGN lN  

% I - 1 General 

L i g n i n  i n  wood i s  b e l i e v e d  t o  be syn thes i zed  by the  enzymat ic  

dehydrogenat ion o f  t he  substance coni  f e r y l  a l coho l  ( I ) ,  t h e  r a d i c a l  o f  

which can e x i s t  i n  f o u r  mesomeric forms ( I  I - V )  (6)  - 



Because these mesomers combine i n  a  s t a t i s  t i c a l  manner, i t i s  doubt-  

f u l  t h a t  1 i g n i n  i n  wood can ever  be complete ly  represented by a  s i n g l e  

s t r u c t u r a l  f o r m u l a t i o n ,  The u n c e r t a i n t y  about l i g n i n  i n  wood e x i s t s  t o  

the degree t h a t  i t i s  unknown whether o r  n o t  1 i gn i n  i s  chemical l y  bonded 

t o  carbohydrates i n  wood, o r  whether i t  e x i s t s  s imp ly  as an en tang led  

m ix tu re ,  

Any procedure t o  i s o l a t e  1 i g n i n  f rom wood must necessar i  l y  modi f y  the  

s t r u c t u r e  o f  t h e  o r i g i n a l  l i g n i n ,  Most s t r u c t u r a l  s t u d i e s  on l i g n i n  have 

been made w i  t h  m i  1 l e d  wood 1 i gn  i n  (MwL) ( 7 )  - wh i c h  i s  ob ta i ned  by mechan i - 
c a l  m i l l i n g  o f  wood, f o l l o w e d  by e x t r a c t i o n  w i t h  n e u t r a l  s o l v e n t s  f o r  l o n g  

pe r i ods  o f  t ime; t h i s  fo rm o f  l i g n i n  i s  p robab ly  t he  l e a s t  a l t e r e d  f rom 

t h a t  o f  l i g n i n  i n  wood, The r e s u l t s  o f  these s t u d i e s ,  made ma in ly  by 

Freudenberg (6 )  - and Ad le r  (8)  - have shown t h a t  sof twood 1 i g n i n  c o n s i s t s  o f  

many u n i t s  s i m i l a r  t o  c o n i f e r y l  a l coho l  ( I ) ,  b u t  l i n k e d  t oge the r  i n  many 

d i f f e r e n t  fash ions ,  

S tud ies  by Marton and co-workers (9-1 1) have shown t h a t  the s t r u c t u r e  -- 
o f  k r a f t  l i g n i n  i s  degraded f rom t h a t  o f  MWL, The k r a f t  p u l p i n g  chemicals 

a t t a c k  l i g n i n  i n  wood i n  a  manner shown below. 

/-I C=O 

I 
I I4 ̂  

I I + t $ f I 
O C Y ?  

L 
0 

Th is  l i g n i n  may be i s o l a t e d  by p a r t i a l  a c i d i f i c a t i o n  o f  t h e  b  

and can be ob ta i ned  i n  t h e  form o  

type shown above produce a  1 i gn i n  

p e r t y  i s  d r a m a t i c a l l y  seen i n  Tab 

p resen t  i n  k r a f t  and m i l l e d  wood 

a  f i n e  brown powder, Reac 

l a c k  1 i q u o r ,  

t i o n s  o f  t he  

h i g h l y  p h e n o l i c  i n  cha rac te r ;  t h i s  p ro -  

e  I which compares t h e  f u n c t i o n a l  groups 

i g n i n  f rom sof twood spec ies,  



Table I 

Func t iona l  groups i n  1 i g n i n  (11) - 
Groups 

Spruce K r a f  t 

T o t a l  OH 

Guaiacyl  OH 

2 X Catechol 

A1 i p h a t i c  

To ta l  COOH 

To ta l  CO 

Coni f e r y l  A1 dehyde 

a - C = O  

f3 - and o t h e r  C = 0 

The degraded n a t u r e  o f  k r a f t  1 i g n i n  i s  e v i d e n t  f rom comparison o f  

t h e  mo lecu la r  we igh ts  o f  t h e  same l i g n i n s ,  i n c l u d i n g  hardwood k r a f t :  

Table  I I 

Mo lecu la r  we igh t s  o f  1 i g n i n s  (10) - 
TY pe Spruce K r a f t  Kraf  t 

Molecul  a r  Weight MWL Pine Hardwood 

Number Average 

We i gh t Average 

Mw/Mn 

U t i  1 i z i n g  t h e  da ta  o f  Tables I and I I ,  Marton ( 1  1 )  has proposed t he  
-.L- 

f o l  l ow ing  c o n s t i t u t i o n a l  scheme f o r  t he  s t r u c t u r e  o f  sof twood k r a f t  l i g n i n  

( ~ i ~ ,  1 ) :  

I t  shou ld  be emphasized t h a t  t h i s  s t r u c t u r e  i s  a s t a t i s t i c a l  repre-  

s e n t a t i o n  which con ta i ns  t he  c o r r e c t  percentages o f  f u n c t i o n a l  groups, 

and i s  l i n k e d  accord ing  t o  p o s s i b l e  r eac t i ons  i n  a l k a l i n e  pu lp i ng ,  

The i s o l a t e d  form o f  k r a f t  l i g n i n  p resen ts  severa l  d i f f i c u l t i e s  as a 

polymer backbone i n  a g r a f t i n g  system, The f i r s t  requirement f o r  a g r a f t i n g  



COOH 
I 

H 3  

- i H 2  COOH 1 

H,C - 
CH 30 

0  
HC- S - 

OH C H I 
CH20H 

H C  
I 

OH H C  - 
I 

HOCH2 

F i gu re  1.  C o n s t i t u t i o n a l  scheme o f  k r a f t  p i n e  1 i g n i n  
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r e a c t i o n  t o  proceed i s  f o r  format  i on  o f  r a d i c a l s  on the  backbone; exami- 

n a t i o n  o f  F i g .  1 shows t h a t  k r a f t  l i g n i n  i s  h i g h l y  con jugated,  and chemical 

p roduc t i on  o f  r a d i c a l s  would p robab ly  y i e l d  ma in ly  s t a b l e  phenoxy r a d i c a l s ,  

Even though h i g h  energy r a d i a t i o n  i s  i n s u f f i c i e n t  t o  c rea te  l a r g e  numbers 

o f  r a d i c a l s ,  t h i s  l a t t e r  means was chosen f o r  two reasons: ( 1 )  t h e  non- 

s p e c i f i c i t y  o f  r a d i a t i o n  would promote r a d i c a l  p roduc t i on  on a l l  p o r t i o n s  

o f  t h e  l i g n i n  molecu le  (as opposed t o  t h e  s p e c i f i c i t y  o f  chemical a t t a c k ) ;  

and (2) t he  ava i  l a b i  1 i t y  o f  y - r a d i a t i o n  sources f o r  increasingly lower  

costs  makes t h i s  means o f  r a d i c a l  i n i t i a t i o n  p a r t i c u l a r l y  a t t r a c t i v e ,  

As p r e v i o u s l y  mentioned, 1 i g n i n  e x h i b i t s  a  h i g h  s t a b i l  i t y  t o  r a d i a t i o n ,  

Hachi hama (12)  showed t h a t  the  mo lecu la r  w e i g h t  and amounts o f  f u n c t i o n a l  - 
groups o f  va r i ous  l i g n i n s  remained reasonably cons tan t  a f t e r  exposure t o  

va r i ous  doses o f  gamma r a d i a t i o n .  A1 though S tee l  i n k  (1 31 ,  and l a t e r  - 
K r i n g s t a d  (14) ,  have shown t h a t  k r a f t  1 i g n i n  has a  f a i r l y  h i g h  concen- - 
t r a t i o n  o f  n a t i v e  f r e e  r a d i c a l s  (?. 1017 sp ins/gram),  Sofue and Ueno (15) - 
and Kosh i j  ima (16) found t h a t  va r ious  1 i g n i n s  had very  low G values - R 
( t h e  G R  va lue  b e i n g  the number o f  r a d i c a l s  formed p e r  lOOeV o f  r a d i a t i o n ) .  

From the  above d i scuss ion  i t  i s  p o s s i b l e  t o  make some specu la t i ons  

concern ing  t he  behav io r  o f  1 i g n i n  as a  polymer backbone i n  a  g r a f t i n g  

system, As shown i n  F i g .  2 ,  i r r a d i a t e d  polymers may undergo s c i s s i o n  

i n  t h e  main cha in ,  o r  i n  a  s u b s t i t u e n t  group; i n  t h e  former case, a  

b l o c k  copolymer m igh t  be ob ta ined ,  w h i l e  i n  t h e  l a t t e r  Ins tance ,  t h e  

p o s s i b i  1 i t y  f o r  g r a f t  copo l ymer i za t i on  e x i s t s ,  From e a r l  i e r  remarks, 

1 i g n i n  would p redominan t l y  form r a d i c a l s  o f  t he  second type,  bu t  t h e i  r 

number would  be  s m a l l .  

I n  a d d i t i o n  t o  t h e  problem o f  r a d i c a l  fo rmat ion ,  the a c c e s s i b i l i t y  

o f  t h e  monomer t o  the r a d i c a l s  must be cons idered,  That i s ,  t h e  l i g n i n  

must be swo l len ,  e i t h e r  by t h e  monomer, o r  by the  a d d i t i o n  o f  a  good 

s o l v e n t  f o r  t he  polymer. Recent ly ,  Hansen (1 7,  18) proposed t h a t  the  - - 
s w e l l i n g  o r  s o l u b i l i t y  o f  polymers may be c h a r a c t e r i z e d  by a  volume 

o f  i n t e r a c t i o n  w i t h  t h e  p o l a r ,  d i spe rs i on ,  and hydrogen bonding com- 

ponents o f  t h e  s o l  ub i 1 i t y  parameter, The method i s  a  more d e t a i  l e d  

r ep resen ta t i on  o f  the  Hi- ldebrand s o l u b i l i t y  parameter ( l g ) ,  o r  any - 
o f  i t s  subsequent modi f l ca t i ons ,  Hansen has pub1 i shed  ex tens i ve  t ab les  

o f  these parameters f o r  s o l v e n t s ,  which have been p l o t t e d  i n  F ig ,  3,  

a l ong  w i t h  t h e  cor responding s o l  ub i l i t y  behav io r  o f  k r a f t  sof twood 



A, Formation o f  b lock  copolymers by r a d i a t i o n  

m 
I 

m 
B. Formation o f  g r a f t  copolymers by r a d i a t i o n  

Figure 2. Formation o f  g r a f t  and b lock  copolymers 



X P a r t i a l l y  so lub le  

(O S l i g h t l y  so lub le  

1.  Butanol 
2. Ethanol 
3. l sop ropanc l 
4. Methanol 
5. Dioxane 
6. Acetone 
7. Methyl ce l  l o s o l  ve 
8. Ethylene g l y c o l  
9. Nitrobenzene 

10. Benzene, toulene 
1 1 . Styrene 
12. Formami de u3 

13. Dimethyl formamide 
14. Benzaldehyde 
15. ME!; 
16, Water 
17. Diethy lene g l y c o l  
18. Mes i t y lox ide  
19. Glycerol  
20.  Cresol 
21. Ace t i c  anhydride 
22. Diacetone a lcohol  
23.  Propylene g l y c o l  
24.  Dimethyl su l  fox ide  
25. D ie thy l  e the r  
26. Tet rahydrof  uran 
27. A n i l i n e  

2 4 6 8 1 0  12 14 16 18 20 28. Ethy l  acetate 

F igure 3. So lub i l  i t y  o f  k r a f t  softwood 1 i g n i n  
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1 i gn in  (209, Non-pol a r  compounds such as s t y rene  and benzene a re  poor  

so l ven t s  f o r  k r a f t  1 i g n i n ,  w h i l e  more h i g h l y  hydrogen bonded and p o l a r  

m a t e r i a l s  such as methanol ,  d ioxane and d imethy l  formamide a re  b e t t e r ,  

Water, on the  o t h e r  hand, i s  found t o  be a non-so lvent ,  

E a r l i e r ,  ,a Japanese researcher ,  Kosh i j ima ,  s t u d i e d  the  r a d i a t i o n -  

induced g r a f t  copo l ymer i za t i on  o f  methyl  me thac ry l a te  (16, - - 21) and 

s t y rene  (22-27) -- t o  h y d r o c h o l o r i c  a c i d  l i g n i n ,  a  h i g h l y  condensed form 

o f  1 i g n i n ,  f o rme r l y  a  by-product  o f  a  Japanese process f o r  i s o l a t i n g  

c e l l u l o s e  f rom wood, The impor tan t  f i n d i n g s  o f  Koshi j i m a  were: (1)  

The g r a f t i n g  r e a c t i o n  i s  a  f r e e  r a d i c a l  process;  (2 )  g r a f t i n g  w i t h  

s t y rene  occurs  on approx imate ly  60% o f  t he  gua iacy l  u n i t s ,  p robab ly  

on one o f  the f r e e  aromat ic  carbons; ( 3 )  when no s o l v e n t  i s  added, 

methyl  methacry l a t e  g r a f t e d  more e f f i c i e n t l y  than s ty rene ;  (4) when 

the  phenol i c hyd roxy groups were f u l  l y  methyl  a ted,  g r a f t i n g  increased 

from 25% t o  40% maxi mum wi  t h  s t y rene  as monomer; (5) when 2% methanol 

was added, t h e  g r a f t i n g  r a t i o  o f  s t y rene  increased f rom a maximum o f  

40% t o  430% ; (6) up t o  100% g r a f t  the mo lecu la r  weights  o f  t h e  g r a f t e d  

chains were cons tan t  a t  about 5,000; a f t e r  100% g r a f t  these mo lecu la r  

we igh ts  s  tead i  1 y  increased, 

The purpose o f  t h i s  research was t o :  ( 1 )  c l a r i f y  t he  f a c t o r s  

i n f l u e n c i n g  t h e  g r a f t  copo l ymer i za t i on  o f  s t y rene  and h y d r o c h l o r i c  

a c i d  l i g n i n ;  and (2 )  t o  apply  t h i s  knowledge t o  the  more p r a c t i c a l  

prob lem o f  g r a f t i n g  t o  k r a f t  softwood l i g n i n .  Whi le  c h a r a c t e r i z a t i o n  

o f  t h e  g r a f t  copolymer was no t  one o f  t he  goal s  o f  the  research,  some 

work i n  t h i s  area was conducted i n  o r d e r  t o  prove t h a t  g r a f t i n g  d i d  

t ake  p l ace .  

Exper imental  

11-2-1 M a t e r i a l s  

H y d r o c h l o r i c  Ac id  Softwood L i g n i n  was k i n d l y  p rov i ded  by D r ,  To 

Koshi j ima o f  t h e  Government lndus t r i a l  Research Ins t i  t u t e ,  Osaka, 

Japan, The l i g n i n  was prepared f rom Pinus d e n s i f l o r a  acco rd i ng  t o  

the  procedure descr ibed  i n  (16) , and was i d e n t i c a l  t o  t h e  (unrnethyl a ted)  

1 i g n i n  used i n  Kosh i j ima"  s t u d i e s ,  



K r a f t  L i g n i n :  The softwood k r a f t  l i g n i n  was a commercial p roduc t ,  

known as Reax 20, o f  t he  Polychemica ls  D i v i s i o n  o f  West V r i g i n i a  Pu lp  

and Paper Company, Nor th  Char leston,  South Carol i na ,  and was donated 

by Dr, S, i , Fa1 kehag o f  t h a t  organ! za t  i on ,  

Styrene,  s t a b i l i z e d  w i t h  t e r t - b u t y l  py roca techo l ,  was ob ta i ned  

from Eastman Organic  Chemicals. The monomer was d i s t i l l e d  i n  a packed 

column a t  approx imate ly  4.5" and 20 mm Hg t o  remove i n h i b i t o r  and o t h e r  

n o n - v o l a t i l e  contaminants,  The s t y rene  was s t o r e d  w i t h  D r i e r i t e  i n  a 

r e f r i g e r a t o r  u n t i l  t he  day o f  use, A f i n a l  c o l d  d i s t i l l a t i o n  was made 

on the day o f  use t o  remove any polymer wh i ch may have formed, 

So lven ts :  A l l  so l ven t s  were reagent grade m a t e r i a l s ,  ob ta i ned  

from Baker and Adamson, Methanol, N ,  N B  - d imethy l  formamide, and 

p-dioxane were used a f t e r  d i s t i  1 l a t i o n ,  Benzene and cyclohexane, used 

f o r  Soxh le t  e x t r a c t i o n  purposes, were used w i t h o u t  p u r i f i c a t i o n ,  

1 1-2-2 G r a f t i n g  Procedure 

Approx imate ly  0,5 g o f  l i g n i n ,  d r i e d  a t  60' under vacuum, was 

p l aced  i n  a 15- o r  25-mm diameter  g lass  ampoule connected t o  a 24/40 

ground g lass  j o i n t  which cou ld  be a t t ached  t o  a high-vacuum system, 

I n  most exper iments  10 m l  o f  monomer-solvent m i x t u r e  were p i p e t t e d  

i n t o  t h e  ampoule, The ampoule was a t tached  t o  t h e  vacuum system capa- 

b l e  o f  m a i n t a i n i n g  a p ressure  o f  l e ss  than mm Hg. The sample was 

degassed by repeated f reeze-  thaw cyc l es ,  t a k i n g  approx l  ma t e l  y 30 

minutes t o  evacuate the  ampoule d u r i n g  each f r e e z i n g ,  A f t e r  t he  f i f t h  

f r eez i ng ,  the samples were sealed,  and p laced i n  t h e  y - r a d i a t i o n  

f a c l l  i t y ,  The source used was CO-60 "gammacell 220" manufactured by 

Atomic Energy o f  Canada, Samples remained i n  t he  ce l  l f o r  a l e n g t h  o f  

t ime s u f f i c i e n t  t o  r ece i ve  a g iven  dose, The source had been p r e v i o u s l y  

ca l  i b r a t e d ,  and t h e  i n t e n s i  t y  was measured from a dose r a t e  decay d i a -  

gram. The dose r a t e  was approx imate ly  0.14 x l o 6  rad/hr  d u r i n g  most 

o f  the  exper iments ,  

11-2-3 Measurement o f  Conversion 

A f t e r  i r r a d i  a t  ion,  t he  ampoules were broken open, and the con ten ts  

t r a n s f e r r e d ,  us ing  benzene, t o  a t a red  beaker,  A f t e r  a d d i t i o n  o f  0,5 m l  
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o f  s t y rene  t o  polymer i s  q u i t e  h i g h ,  F i g ,  5 shows the same q u a n t i t i e s  

when 2% methanol was added, I n i t i a l  l y ,  t h e  g r a f t i n g  i s  low, even though 

the l i g n i n  i s  presumably somewhat swo l len ,  A t  a  dose o f  7 megarads, 

however, the  g r a f t i n g  r a t i o  begins t o  acce le ra te ,  a t  t he  same t ime t h a t  

t h e  convers ion  o f  monomer t o  polymer acce le ra tes ,  Th is  i n d i c a t e s  t h a t  

the  ' ' ge l  e f f e c t "  does e x i s t .  Thus, t h e r e  must be two f a c t o r s  a f f e c t i n g  

t he  g r a f t i n g  o f  s t y rene  t o  unmethylated h y d r o c h l o r i c  a c i d  l i g n i n :  (1)  

s w e l l i n g  o f  t he  l i g n i n ;  and (2) r a t e  o f  r a d i c a l  t e r m i n a t i o n ,  

A d d i t i o n a l  p r o o f  t h a t  t he  "gel  e f f e c t "  was I n  e x i s t e n c e  i n  F i gs ,  4  

and 5 i s  g i ven  i n  Table  I l I ,  which shows t h e  i n t r i n s i c  v i s c o s i t i e s  o f  

the homopolymer e x t r a c t e d  f rom the  r e a c t  ion  m i x t u r e :  

Table  I l l  

V i s c o s i t y  da ta  f o r  HC1  1 i g n i n  g r a f t i n g  

Dose 
% MeOH ( ~ r a d s )  % Con ve r s  i on  [n 1 

These r e s u l t s  might  a l s o  e x p l a i n  Koshi j ima 's  da ta  which showed a  

cons tan t  l eng th  o f  g r a f t e d  chains up t o  100% g r a f t ,  and t h e  subsequent 

increase;  Lee-. t h e  "gel  e f f e c t "  was i n  e x i s t e n c e  i n  h i s  system a l so ,  

The p o i n t s  r a i s e d  above must c a s t  some ques t i on  on Kosh i j ima ' s  

e x p l a n a t i o n  o f  the  e f f e c t  o f  me thy l a t i on ,  I n  a  heterogeneous g r a f t i n g  

sys tem, as we a r e  deal i n g  w i t h  here,  t h e  n a t u r e  o f  the  polymer backbone 

shou ld  have 1 i t t l e  e f f e c t  on the k i n e t i c s  o f  t h e  b u l k  p o l y m e r i z a t i o n  

o f  monomer, For g r a f t  po l ymer i za t i on ,  we must, however, cons i d e r  b o t h  

s w e l l i n g  and r a d i c a l  f o rma t i on  phenomena, The p e r t i n e n t  da ta  a re  
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c o l l e c t e d  i n  Table I V ,  which r e f l e c t  t h e  e f f e c t s  o f  m e t h y l a t i o n  and 

s w e l l i n g  w i t h  2% methanol, on t h e  maximum per  cen t  g r a f t  ob ta i nab le :  

Table I V  
J. 

Methy la t i on  and swel 1 i n g  o f  H C l  1 i gn ind '  

2% MeOH 2% MeOH 

A B 

unmethyl a ted  me thy1 a  t ed  
methyl  a t  ion--- 

unme thy  1 a t ed  
i o n  

me thy 1 a  t e d  

40% 

.L 

'sample C i s  da ta  from t h i s  r e p o r t .  A l l  o t h e r  da ta  a re  from 
Koshi j i m a ' s  a r t i c l e s ,  

1 

I t  i s  seen i n  t he  cases cons idered above t h a t  me thy la t i on  causes an 

increase o f  s, 2-3 t imes t h e  unmethylated va lue,  w h i l e  a d d i t i o n  o f  

2% methanol causes an increase i n  per  c e n t  g r a f t  o f  8-10 t imes the 

va lue  when methanol i s  absent, These cons ide ra t i ons  i n d i c a t e  t h a t  the 

main e f f e c t  o f  m e t h y l a t i o n  migh t  s imp ly  be t h a t  methy la ted l i g n i n  swe l l s  

more i n  s t y rene ,  

From an examinat ion o f  s t r u c t u r a l  f ea tu res  o f  bo th  1 i g n i n  and 

s ty rene ,  m e t h y l a t i o n  o f  a  pheno l i c  substance would increase i t s  s w e l l i n g  

i n  a non-polar  medium. 

11-3-2 G r a f t i n g  t o  K r a f t  Softwood L i g n i n  

For convenience, these exper iments w i 1 1  be descr ibed  i n  two sec t i ons  : 

f i r s t ,  where t h e  medium f o r  the r e a c t i o n  i s  n o n - p r e c i p i t a t i n g  f o r  the 

po lys ty rene ,  and second, where g r a f t i n g  takes p lace  i n  a p r e c i p i t a t i n g  

med i um. 



Non-precipi  t a t i n g  Media. E a r l i e s t  experiments showed t h a t  k r a f t  

1 i g n i n  behaved q u i t e  d i f f e r e n t l y  from hyd roch lo r i c  ac id  1 i g n i n ;  a1 though 

the molecular weight o f  k r a f t  1 i g n i n  i s  much smal l e r  than the o ther ,  

s w e l l i n g  seemed t o  be the major problem. Table V shows the r e s u l t s  o f  

g r a f t i n g  experiments w i t h  s tyrene and small amounts o f  methanol. 

I n  each case, the per  cent  g r a f t  i s  small , even when the "gel 

e f fec t "  e x i s t s ,  The l a s t  column o f  Table V shows t h a t  i n  some cases, 

a  weight  loss a f t e r  e x t r a c t  ion w i t h  benzene was recorded; these l a t t e r  

f igures corresponded t o  samples where, from the c o l o r  o f  the ex t rac tab le  

p o r t i o n  i n  the Soxhlet  apparatus, considerable amounts o f  l i g n i n  had 

e i t h e r  d issolved,  o r  become ex t rac tab le ,  i n  benzene, Un l ike  HC1  l i g n i n ,  

which i s  completely i nex t rac tab le  w i t h  benzene, the  lower molecular 

weight k r a f t  1 i g n i n  (by i t s e l f )  i s  3-4% e x t r a c t a b l e  be fore  i r r a d i a t i o n ,  
7 and 5-6% e x t r a c t a b l e  a f t e r  a  dose o f  10 rads, 

A1 though some o f  the  l i g n i n  d isso lved i n  the reac t ion  medium, 

depending on the amount o f  methanol present,  the undissolved p o r t i o n  of  

the l i g n i n  appeared t o  be i n  a  h i g h l y  associated s t a t e ,  and, i n  some 

cases, a  gel ,  Though methanol i s  probably t h e  best  so lvent  t o  use from 

a  r a d i o l y s i s  s tandpo in t  (because of  i t s  h igh  GRavalue) , both dioxane 

and DMF are b e t t e r  so lvents f o r  k r a f t  1 i gn in ,  Us ing  these so lvents ,  

t he  phenomenon o f  increased e x t  ractab i 1 i t y  o f  t h e  1 i gn i n  became the 

predominant fea ture  o f  the reac t ion ,  

The anomalous behavior o f  t h i s  g r a f t i n g  reac t i on  requi red a  new 

measure o f  per  cent  g r a f t ,  I n  o rde r  t o  adequately exp la in  the measure 

chosen, reference i s  made t o  F ig.  6,  which reviews the experimental  

procedure w i  th  k r a f t  1 i gn in :  the 1 ign in-s tyrene-sol vent mixtures were 

prepared, sealed, i r r a d i  ated, .and ex t rac ted  as described above, A t  

t h i s  po in t ,  k r a f t  1 i g n i n  departed from the  behavior  o f  H C I  1 i gn in ,  I t  

seems 1 i ke l y  t ha t  the k r a f t  1 i g n i n  became e x t r a c t a b l e  w i  th  benzene 

because i t  was s u f f i c i e n t l y  g r a f t e d  w i t h  po lys ty rene tha t  the copolymer 

could demonstrate the s o l u t i o n  proper t ies  o f  polystyrene more so than 

1 i gn in ,  Thus, t h i s  reasoning al lows the  conclus ion t h a t  the benzene 

e x t r a c t a b l e  p o r t i o n  conta ins h i g h l y  g r a f t e d  1 i g n i n  and homopolystyrene, 

and the i nex t rac tab le  p o r t i o n  conta ins on ly  less g ra f ted  l i g n i n  and 

ungrafted 1 i gn i n. I  t has been a1 so found t h a t  there i s  no easy way t o  



Table V 

Gra f t i ng  o f  1 i gn in -s  tyrene-methanol mixtures 

1 2 
% Weight Gain o r  

Mix ture  Dose Per Cent Weight Loss A f t e r  
( s t y  r : MeOH) (Mrads) Con ve rs  i on Ex t rac t  ion W/Benzene 

( a ) ~ e r  cent g r a f t  by OCH content was + 5.7%. 3 

( b ) ~ i g h t l y  cross-1 inked w i t h  formaldehyde. 

("Highly cross-1 inked. 

' s ty rene:so lvent  vo1ume/vol ume r a t i o .  

2100 x r a t i o  o f  polystyrene formed: weight o f  s ty rene mnomer. 



0 
= O r i g i n a l  l i g n i n  

Mo = O r i g i n a l  monomer 

S = Solvent  

Po = Polymer i zed monomer 

M1 = Unpolymerized monomer 

L2  = L i gn  i n  e x t r a c t a b l e  w i t h  benzene 

P2 = G r a f t  + homopolymer 

L, = Gra f t ed  + ung ra f t ed  l i g n i n  

PI = Gra f ted  polymer 

F igure  6. G r a f t i n g  procedure 
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separa te  homopolymer f rom t h e  g r a f t e d  1 i gn in ,  because t h e i  r s o l  ub i  l i t y  

c h a r a c t e r i s t i c s  a re  so s i m i l a r ;  hence, t h e  adop t ion  o f  a  ra the ' r  cumber- 

some method o f  r e f l e c t i n g  t he  amount o f  g r a f t i n g  t h a t  has occu r red  has 

been necessary,  From an independent chemical a n a l y s i s ,  t h e  exac t  

amount o f  l i g n i n  p resen t  i n  any f r a c t i o n  o f  t h e  p roduc t  can be de te r -  

mined; hence, the  c a l c u l a t i o n  o f  t h e  t o t a l  amount o f  1 i g n i n  which was 

e x t r a c t e d  w i t h  benzene i s  poss ib l e .  Since the  l i g n i n  i s  e x t r a c t a b l e  

o n l y  because i t  i s  g r a f t e d ,  i t  i s  b e l i e v e d  t h a t  t h i s  measure g ives  

an adequate r e p r e s e n t a t i o n  o f  t h e  g r a f t i n g  which has occur red ,  

The r e s u l t s  o f  g r a f t i n g  w i t h  dioxane and DMF may now be examined 

(Tables V I  and V I  I ) :  

Table V l  

G r a f t i n g  o f  1 i gn in -s ty rene-d ioxane  mix tu res  

M i x t u r e  Dose % % O r i g i n a l  L i g n i n  % G t ra f t  o f  
( ~ t ~ r : ~ i o x , )  ( ~ r a d s )  Conv. Ex t rac ,  W/Benzene I n e x t r a c t ,  P o r t i o n  

-1. 

"OCH a n a l y s i s  no t  a v a i l a b l e ;  f i g u r e  g iven  i s  we igh t  l o s s  a f t e r  
e x t r a c t i  02 wi  t h  benzene. 



Table V I  I 

G r a f t i n g  o f  l ignln-styrene-DMF m ix tu res  

M i x tu re  Bos e  % % O r i g i n a l  L i g n i n  % G r a f t  o f  

95  :05 6,1  18,7 11,2 a2,4 
9 0 28.2 16,8 1 3 0 5  

15 100 19.5 16, l  

(See F ig ,  7) 

-1- 

"OCH a n a l y s i s  n o t  a v a i l a b l e ;  f i g u r e  g i ven  i s  we igh t  l o s s  a f t e r  
e x t r a c t i o 4  wi  t h  benzene. 

I n  some 

o f  t h e  f r a c t  

a f t e r  e x t r a c  

o f  t he  cases shown i n  Tables VO and V l  l , the  l i g n i n  con t en t s  

ons were n o t  a v a i l a b l e ,  and s imp ly  the  we igh t  l oss  o f  t i g n i n  

Ion I s  shown, Th is  f i g u r e  I s  approx imate ly  equal  i n  magni- 

tude t o  the we igh t  o f  1 i g n i n  e x t r a c t e d  w i t h  benzene, Where s u f f i c i e n t  

da ta  a re  a v a i l a b l e ,  I t  appears t h a t ,  w i t h i n  each composi t ion examined, 

maximum g r a f t i n g  occur red  a t  an i n t e rmed ia te  dose, A lso,  t h e r e  appears 

t o  be an optimum r a t i o  o f  s t y rene  t o  s o l v e n t  f o r  b e s t  g r a f t i n g  r e s u l t s ,  

Th is  f i  r s t  e f f e c t  i s  shown r a t h e r  v i v i d l y  i n  F ig ,  7, where g r a f t i n g  

w i t h  a  50:50 styrene:DMF m i x t u r e  was a  maximum a t  about 16 megarads, 

There a re  two p o s s i b l e  exp lana t i ons  f o r  the  decrease i n  e x t r a c t a b i l i t y  

w i t h  i nc reas ing  dose: e i t h e r  the g r a f t  copolymer degrades, o r  the  

g r a f t e d  chains cross-1 ink ,  Since p o l y s t y r e n e  i s  known as a  polymer o f  

the c ross - l  i n k i n g  type,  the  second e x p l a n a t i o n  seems most p l  aus i b l e  on 
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t he  su r face ,  However, c l ose  examinat ion  o f  F i g ,  7 revea ls  t h a t  the  

per  cen t  g r a f t  t o  t he  i n e x t r a c t a b l e  p o r t i o n  a l s o  decreased i n  a  s i m i l a r  

manner, I f  t h e  cha ins d i d  c r o s s - l i n k ,  t h i s  v a l u e  shou ld  s t e a d i l y  i n -  

crease, Th is  same t r end  I s  r e a d i l y  apparent w i t h  20:80 styrene:DMF, 

shown i n  Table  V I ,  STnce po l ys t y rene  does n o t  no rma l l y  degrade, t h i s  

m igh t  mean t h a t  degrada t ion  occurs  e x a c t l y  a t  t h e  l i g n i n - p o l y s t y r e n e  

1 inkage, I n  a1 1 o f  the  cases here,  and those t o  be presented l a t e r ,  

the  degrada t ion  occur red  a t  a  s lower  r a t e  than the  g r a f t i n g ;  and 

s i n c e  bo th  processes r e q u i r e  i n t e r a c t i o n  w i t h  r a d i a t i o n  a t  t h e  a roma t i c  

p o r t i o n  o f  t h e  g r a f t  copolymer, i t  seems reasonable t o  be1 ieve  t h a t  

g r a f t i n g  and degradat ion  occur  s  i mul taneous % y  throughout  the e n t  i r e  

r e a c t i o n ;  i t  i s  o n l y  a t  t h e  l a t t e r  stages t h a t  degrada t ion  predominates,  

The degrada t ion  o f  t he  g r a f t  copolymer was a l s o  no ted  w i t h  HCL l i g n i n  

(see F ig ,  51, 

The maximum t h a t  occur red  f o r  i n t e rmed ia te  s o l  vent compos i t i o n s  

i s  more read i  l y  exp l  i c a b l e ,  Once a  g r a f t e d  cha in  begins t o  grow, i t  

behaves no d i f f e r e n t l y  f rom any o t h e r  po l ys t y rene  cha in  r a d i c a l ,  Th is  

means t h a t  cha in  t r a n s f e r  can become a 1 i m i  t i  ng f a c t o r  t o  t he  1 ength 

o f  t h e  g r a f t e d  chains,  p a r t i c u l a r l y  a t  h i g h  s o l v e n t  concen t ra t i ons ,  

Thus, a1 though t h e  number o f  g r a f t e d  chains m igh t  be l a r g e ,  t h e i  r 

l eng th  must be smal l , and hence t he  g r a f t  copolymer I s  n o t  e x t r a c t a b l e ,  

Though the  so l ven t s  DMF and dioxane appa ren t l y  can g i v e  a  h  i g h l y  

g r a f t e d  p roduc t ,  the expense o f  t h e  r a d i a t i o n  i n v o l v e d  i s  q u i t e  l a r g e ,  

For t h i s  reason, the n e x t  area o f  i n v e s t i g a t i o n  was t h a t  o f  g r a f t i n g  

w i t h  l a r g e  amounts o f  methanol as s o l v e n t ,  

I f  t he  r e s u l t s  o f  Chapi r o ' s  s tudy (28-30) -- 
o f  t h e  r a d i a t i o n -  induced po l ymer i za t i on  o f  s t y r e n e  I n  t h e  presence o f  

methanol can be apgl  i e d  t o  t he  1 ign in-s tyrene-methanol  g r a f t i n g  system, 

then some o f  t he  d i  f 

shou ld  be overcome, 

creased the r a t e  o f  

i s  much more sens i  t i  

increased, A t  ve ry  

p r e c i p i t a n t  f o r  the 

f i c u l t i e s  i n  s w e l l i n g ,  and slow r a t e  o f  g r a f t i n g ,  

Chapi r o  found t h a t  smal 1 amounts o f  methanol i n -  

po l  ymerl za t  i o n  o f  s t y rene ,  because t he  so l  ven t  

ve t o  r a d i a t i o n ,  and hence the r a t e  o f  i n i t i a t i o n  

h  igh contents  o f  methanol t h e  medium became a  

polymer; between 10-40 vo i  ume % methanol, t h e  chains 

merely coalesced, caus ing a  r educ t i on  i n  t h e  r a t e  o f  po l ymer l na t l on ;  a t  

methanol concen t ra t ions  g r e a t e r  than 40%, the  polymer p r e c i p i t a t e d  as a  
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f i n e  powder, caus ing t h e  cha in  r a d i c a l s  t o  r epu l se  one another ,  hence 

reduc ing  t h e  r a t e  o f  t e r m i n a t i o n  o f  r a d i c a l s ,  and caus ing an inc rease  

i n  t h e  r a t e  o f  po l ymer i za t i on .  The l a t t e r  mechanism i s  s i m i l a r  t o  the 

"ge l "  o r  Trommsdorff e f f e c t  ment ioned e a r l  i e r ,  and has been equated t o  

t h e  Trommsdorff e f f e c t  by Odian, -- e t  a l ,  (xB 2). The d e s c r i p t i o n  by 

Chap i r o  o f  t h e  s  tyrene-me than01 behav io r  has been r e c e n t l y  extended by 

Huang (331, and by workers i n  t h i s  l a b o r a t o r y  (34) - - 
Apply ing  these r e s u l t s  t o  g r a f t i n g ,  i t  would seem t h a t  us i ng  l a r g e  

p r o p o r t i o n s  o f  methanol would o f f e r  severa l  advantages : f i r s  t, the  

ove ra l  1 r e a c t i o n  would occur  a t  much h i g h e r  r a t e  than be fo re ;  secondly ,  

t he  presence o f  l a r g e  q u a n t i t i e s  o f  methanol would  swe l l  t h e  1 i g n i n  

b e t t e r ;  f i n a l l y ,  t h e  mo lecu la r  we igh t  o f  t he  chains would be l a r g e ,  

and benzene e x t r a c t a b i  l i t y  would be assured, 

F i gs .  8-1 1 show t h a t  these expec ta t  ions were somewhat conf i rmed; 

f i r s t ,  w i t h  5 0 ~ 5 0  styrene:methanol ,  a lmost 80% e x t r a c t a b i l i t y  was 

ob ta i ned  a f t e r  o n l y  4 megarads (80% was the  maximum ob ta i ned  w i t h  DMF 

as s o l v e n t  a f t e r  16 megarads), I t  i s  a l s o  seen t h a t  the  per  cen t  g r a f t  

t o  the  benzene i n e x t r a c t a b l e  p o r t i o n  f o l  lowed a s  i m i  l a r  curve, W i  t h  

25:75 s tyrene:methanol ,  aga in  e x c e l l e n t  g r a f t i n g  occur red  a t  low doses, 

A lso  i t  was found t h a t  degrada t ion  o f  t h e  g r a f t  copolymer occur red ,  

bo th  i n  the  e x t r a c t a b l e  and i n e x t r a c t a b l e  p o r t i o n s ,  S i m i l a r  behav io r  

was found w i t h  a  20x80 m i x t u r e  ( ~ i g ,  1 I ) ,  

I t  i s  i n t e r e s t i n g  t o  compare the  f ac to r s  a f f e c t i n g  t he  g r a f t i n g  

w i t h  DMF as s o l v e n t ,  and w i t h  h i g h  concen t ra t ions  o f  methanol ,  DMF 

i s  a  good enough s o l v e n t  f o r  1 i g n i n  t h a t  a  20:80 styrene:DMF m i x t u r e  

gave a homogeneous g r a f t i n g  medium; a1 l styrene:methanol  : l  t g n i n  samples 

were heterogeneous, DMF i s  so  much 1 ess sens i t  i ve t o  r a d i a t i o n  than 

methanol, t h a t  t he  r a t e  o f  p o l y m e r i z a t i o n  o f  s t y r e n e  i s  f a r  s lower  i n  

t h e  presence o f  3MF than i n  methanol (compare F igs ,  7 and 81, F i n a l l y ,  

DMF i s  a  s o l v e n t  f o r  po l ys t y rene ,  and cannot c r e a t e  t h e  same r a t e -  

a c c e l e r a t i n g  e f f e c t s  as methanol can, 

11-3-3 Proo f  o f  G r a f t i n g  

Norma l l y ,  a  m i x t u r e  o f  two homopolymers can be separated by a  

s e r i e s  o f  so lven t -non-so lven t  ope ra t i ons .  Th is  i s  p a r t i c u l a r l y  t r u e  









0 % Conve r s  ion  

% L i g n i n  e x t r a c t a b l e  w i t h  benzene 

A % G r a f t  o f  i n e x t r a c t a b l e  p o r t i o n  

F i gu re  1 1 ,  G r a f t i n g  o f  k r a f t  sof twood l i g n i n  w i t h  20:80 s ty rene~Me0H 
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i f  the two polymers d i f f e r  w i d e l y  i n  t h e i r  s o l u b i l  i t y  behav io r ,  as do 

po l ys t y rene  and 1 i g n i n ?  

A r a t h e r  l a rge -sca le  sample o f  g r a f t e d  l i g n i n  was prepared, us i ng  

a  25:75 s  tyrene:methanol  m i x t u r e ,  sub jec ted  t o  an extens i v e  f r a c t  i o n a t  i on  

scheme as shown i n  F i g ,  12, I t  would be use fu l  t o  p o i n t  o u t  severa l  o f  

t h e  f ea tu res  o f  t h e  scheme; t h e  r e a c t i o n  p roduc ts ,  c o n t a i n i n g  33.2% 

1 i g n i n ,  were d i s s o l v e d  i n  a m i x t u r e  o f  benzene and methanol ,  The add i -  

t i o n  o f  l a r g e r  amounts o f  methanol caused p r e c i p i t a t i o n  o f  t h e  po l ys t y rene -  

r i c h  m a t e r i a l ,  Th is  f r a c t i o n ,  c o n t a i n i n g  13,0% l i g n i n ,  was suspended i n  

cyclohexane a t  va r ious  temperatures,  and t he  i n s o l u b l e  m a t e r i a l  was 

c o l l e c t e d ,  Perhaps t he  b e s t  p r o o f  o f  g r a f t i n g  i s  sample I IA, which i s  

the  m a t e r i a l  i n s o l u b l e  a t  70' i n  cyc lohexane,  Po l ys t y rene  i s  s o l u b l e  

i n  cyclohexane above 3 6 ' ;  y e t ,  I I A  con ta ined  69% p o l y s t y r e n e  which was 

i n s o l u b l e  There fo re ,  t h i s  p o l y s t y r e n e  must be g r a f t e d ,  o r  chemical l y  

bonded, t o  the  l i g n i n ,  which i s  e s s e n t i a l l y  i n s o l u b l e  i n  cyclohexane 

a t  a l l  temperatures,  

11-4 Conclusions 

The g r a f t i n g  o f  s t y rene  and l i g n i n  i s  c o n t r o l l e d  by t h e  f o l l o w i n g  

v a r i a b l e s :  

1 The swe l l  i n g  o f  t h e  1 i g n i n  backbone; 

2 The r a t e  o f  t e r m i n a t i o n  o f  cha in  r a d i c a l s ,  i n c l u d i n g  t he  

decrease i n  r a t e  because o f  the  v i s c o s i t y  o f  t h e  medium ( t h e  ge l  e f f e c t ) ,  

o r  because o f  the  p r e c i p i t a t i n g  n a t u r e  o f  t h e  medi um; o r  an increase i n  

r a t e  o f  t e r m i n a t i o n  because o f  t h e  concen t ra t  i on  o f  a  non-prec i  p i  t a t i n g  

s o l v e n t  ( cha in - t  r a n s f e r )  ; and 

3 .  The r e l a t i v e  r a tes  o f  f o rma t i on  o f  g r a f t ,  and degrada t ion  o f  

g r a f t e d  chains.  

F i na l  l y ,  i t  may be concluded t h a t  t r u e  g r a f t i n g  does occur ,  because 

i t  has been shown t h a t  p o l y s t y r e n e  i s  i n s o l u b l e  i n  cyclohexane under 

c o n d i t i o n s  where, un less i t  i s  g r a f t e d ,  i t  would be i n s o l u b l e .  





1 1 1 - GRAFT1 NG TO PULPS 

1 1 1  - 1 I n t r o d u c t i o n  

A l a r g e  amount o f  success fu l  research has been c a r r i e d  o u t  on the 

g r a f t i n g  o f  a  number o f  d i f f e r e n t  polymers t o  ce l  l u l o s e ,  The r e s u l t s  o f  

t h i s  work have been adequate1 y  summarized i n  severa l  recen t  reviews 

( , I - 4 ) ,  Most o f  t h e  work however has been accompl ished w i t h  r a t h e r  pure  - - 
forms o f  c e l l u l o s e  such as co t t on ,  rayon and regenerated v iscose  f i l m s ,  

A t  t h e  o t h e r  end o f  the  s c a l e  a  g rea t  deal  o f  work has been c a r r i e d  o u t  

on the m o d i f i c a t i o n  o f  wood i t s e l f  by g r a f t i n g  and more e x t e n s i v e l y  by 

s imp le  i n - s i  t u  po l ymer i za t i on .  The r e s u l t s  o f  t h i s  work have a l s o  

r e c e n t l y  been we1 1 summarized (35)  . However g r a f t i n g  t o  wood pu l  p  has - 
been compara t i ve ly  neg lec ted  and when s t u d i e d  u s u a l l y  c o t t o n  1 i n t e r  o r  

h i g h  a lpha ce l  l u l o s e  pu lps o r  paper sheets have been used as t h e  g r a f t -  

i n g  subs t a t e ,  The second approach used i n  t h i s  program t o  reduce the 

presence o f  1 i g n i n  as a  wa te r  p o l l u t a n t  was t o  t r y  t o  improve the pro-  

p e r t i e s  o f  h i g h  l i g n i n  con ten t  pu lps  ( h i gh  y i e l d  pu lps )  by g r a f t i n g  

t o  them a  h i g h l y  hydroph i 1 i c  polymer w i t h  good hydrogen bonding capac- 

i t y ,  The a c i d  amide group has one o f  t h e  h i g h e s t  hydrogen bond s t r e n g t h s  

and p o l y a c r y l  ami de i s  known t o  impar t  exce l  l e n t  s t r e n g t h  c h a r a c t e r i s t i c s  

t o  paper sheets  bo th  by bea te r  a d d i t i o n  and by g r a f t i n g  ( 3 5 ) .  Acry lamide - 
was thus  en as the monomer t o  be s t u d i e d  i n  t h i s  g r a f t i n g  program, 

I n  some exper iments  s t y rene  was a l s o  used t o  p r o v i d e  a  d i  r e c t  comparison 

w i t h  t h e  work on g r a f t i n g  t o  l i g n i n  i t s e l f  d iscussed i n  t he  p rev ious  

s e c t i o n  o f  t h i s  r e p o r t ,  

A v a r i e t y  o f  pu lps  were used rang ing  from pure  a lpha  c e l l u l o s e  

d i s s o l v i n g  p u l p  and c o t t o n  l i n t e r s  t o  unbleached k r a f t  pu lps  c o n t a i n i n g  

up t o  24% o f  1 i g n i n ,  Rad ia t i on  was chosen as t h e  method o f  g r a f t i n g  

s i n c e  a1 1 t he  procedures and techniques a re  we1 l es tab1 i shed  i n  these 

l a b o r a t o r i e s ,  The r e s u l t s ,  however, can r e a d i l y  be extended t o  chemi- 

c a l  methods o f  g r a f t i n g  w i t h o u t  major  changes i n  t he  behav io r  o f  t he  

g r a f t e d  pu l  ps . 
There a re  t h r e e  methods o f  r a d i a t i o n  g r a f t i n g ;  these are:  

1 ,  Mutual method (as used i n  t he  1 i g n i n  work r epo r t ed  i n  the  

p rev ious  s e c t i o n ) ,  The p u l p  and monomer a re  i r r a d i a t e d  t oge the r  t o  

form the  g r a f t  copolymer, 
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the monomer i s  r a p i d l y  po lymer ized  by r a d i a t i o n  then t h i s  

i s  n o t  s u i t a b l e  s i n c e  i t  leads t o  excess ive  f o ~ m a t i o n  o f  homo- 

Acry lamide i s  i n  t h i s  ca tegory ,  whereas s t y rene  i s  o n l y  s l o w l y  

i z e d  by r a d i a t i o n  and i s  t he re fo re  i d e a l l y  s u i t e d  f o r  t he  mutual  

P r e - i r r a d i a t i o n  method, The p u l p  i s  i r r a d i a t e d  i n  t h e  absence 

o f  a i  r and then deaerated monomer added, The g r a f t  p o l y m e r i z a t i o n  i s  

i n i t i a t e d  by t h e  t rapped r a d i c a l s ,  Th is  method i s  ve ry  use fu l  f o r  

monomers which a r e  u n s u i t a b l e  f o r  t he  mutual method, such as acry lamide,  

3, Perox ide  method, The p u l p  i s  i r r a d i a t e d  i n  t h e  presence o f  a i r  

formi ng pe rox i de  compounds, These a re  then heated i n  de-aera t ed  monomer 

i n  t he  absence o f  a i r ,  The g r a f t i n g  i s  i n i t i a t e d  by t h e  decomposi t ion 

o f  t h e  perox ides ,  Wi th  many polymers t h e  d i f f u s i o n  o f  oxygen t o  t h e  

a c t i v e  cen te rs  formed by the  i r r a d i a t i o n  i s  so s low t h a t ,  i n  ac tua l  i t y ,  

the  g r a f t i n g  i s  brought  about by a  m i x t u r e  o f  g r a f t e d  r a d i c a l s  and 

pe rox i de  decomposl t i o n  (36) - 
A1 1 t h r e e  methods were i n v e s t i g a t e d  I n  the p resen t  p r o j e c t ,  

I I l - 2 Exper imental  

1 1  1-2-1 M a t e r i a l s  

K r a f t  Pulps (KP) , Three k r a f t  pu lps  were prepared by the  West V i  r g i n i a  

Pu lp  and Paper Company, b r t h  Char leston,  S o  C , ,  by cook ing spruce wood 

t o  d i f f e r e n t  degrees o f  de l  i g n i f i c a t i o n ,  The p e r t i n e n t  da ta  on the  

pu lps  a re  c o l l e c t e d  i n  Table  V l  l I : 

Table V l  I l 

K ra f  t sof twood pu l  ps 
J. 

Cook No, % Y i e l d  Kappa No, L i g n i n  con ten t "  (%)  

3. 

" ~ e t e r m i  ned accord ing  t o  Tappi Standard ~222 -M-54 ,  



3 3 
Bleached K r a f t  Pu lp  (BKP) The k r a f t  p u l p  c o n t a i n i n g  4% 1 i g n i n  was washed 

w i t h  a l k a l i  and then b leached w i t h  c h l o r i n e  d i o x i d e ,  f o l l o w e d  by ex tens i ve  

washing w i t h  pure water .  Th is  procedure reduced l i g n i n  con ten t  t o  zero,  by 

the  72% H SO method, b u t  one migh t  suspect  t h a t  no t  a1 1 t r aces  were re-  
2  4  

moved (s,A, Rydholm, Pu lp i ng  Processes, I n t e r sc i ence ,  1965, New ~ o r k )  . 
D i s s o l v i n g  Pu lp  (DP)  was f u r n i s h e d  by t h e  Rayonier  Corp,, Jessup, Ga. 

and was prepared by the  s u l f a t e  process from Southern P ine wood, Th i s  

p u l p  was i d e n t i c a l  t o  t h a t  used by  LePoutre (37) .  - 
Cotton L i n t e r s  were ob ta i ned  f rom Hercu les Powder Company, Wi lmington,  

Delaware, 

Monomers, Acry lamide was ob ta i ned  f rom Eastman Organic  Chemicals, and 

was rec r ys  t a l l  i zed f rom wate r  b e f o r e  use. 

For d e t a i l s  on s t y rene ,  see 11-2, 

1 1  1-2-2 P repa ra t i on  o f  G ra f t s  

To a  m i x t u r e  o f  70 m l  wa te r  and 30 m l  e t h a n o l ,  20 grams o f  d r y  

c r y s t a l  1 i n e  ac ry lamide  were added; f o r  most exper iments ,  10 grams o f  

t h e  r e s u l t i n g  s o l u t i o n  were added t o  one gram (d r y -bas i s )  o f  a i r  d r i e d  

P U ~  P. 

I n  t h e  p r e - i r r a d i a t i o n  exper iments,  t h e  p u l p  was degassed f o r  
- 6  24 hours a t  10 mm Hg i n  a  g lass  ampoule f i  t t e d  w i t h  a  break-seal  

as shown i n  F ig ,  13a, 
- - ,- I D  Vacclurii Pump 

F igure  13.  (a)  Ampoule c o n t a i n i n g  p u l p ;  ( ' 3 )  Aoparatits f o r  add ing  
s o l u t i o n  
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A f t e r  sea l  i ng ,  the  ampoules were p laced  i n  a  Co-60 r a d i a t i o n  source 

(~ammacel l , Atomic Energy o f  Canada, ~ t d , )  , w i  t h  an i n  tens i t y  o f  1 megarad 

p e r  hour ,  f o r  t he  des i r ed  dose, A f t e r  removal f rom t h e  source, t h e  

ampoules were sea led  t o  an apparatus as shown i n  F ig ,  13b, Th is  con- 

f i g u r a t i o n  a l lowed t h e  monomer s o l u t i o n  t o  be degassed, and k e p t  a t  a 

p ressure  o f  l o e 6  mm Hg, w h i l e  the  apparatus was sea led  a t  p o s i t i o n  A. 

A f t e r  sea l  i ng ,  t h e  break-seal  was smashed wY t h  a  magnet as shown i n  t he  

f i g u r e ,  Then the  apparatus was t i pped ,  and t h e  monomer s o l u t i o n  a1 lowed 

t o  f low i n t o  t h e  ampoule c o n t a i n i n g  t he  pu lp ,  F i na l  l y ,  t h e  ampoules were 

sea led  w h i l e  f rozen ,  and p laced  i n  a  cons tan t  temperature ba th  o f  60" 

f o r  va r i ous  l eng ths  o f  t ime,  

I n  the  pe rox i de  method, t h e  p u l p  was p laced  i n  a  beaker ,  and 

i r r a d i a t e d  i n  a i  r, A f t e r  removal f rom t h e  source,  weighed amounts o f  

t h e  p u l p  were p l aced  i n t o  s imp le  ampoules, which cou ld  be f i t t e d  t o  

t h e  h i g h  vacuum sys tem, Monomer s o l u t i o n  was added d i  r e c t l y  t o  t h e  

g u l p  i n  t h e  ampoules, The con t en t s  were then degassed w i t h  repeated 

freeze-thaw cyc l es ,  u n t i  l a  vacuum o f  g r e a t e r  than l o m 5  was achieved. 

The f rozen ampoules were then sea led  and p l aced  i n  the wa te r  ba th  as 

be fo re ,  

I n  the  mutual  method, weighed amounts o f  p u l p  were added d i  r e c t l y  

t o  t h e  ampoules and monomer s o l u t i o n  added as above, The con ten ts  

were degassed as i n  the  perox ide  method and sea led  i n  the  same fash ion ,  

Then t h e p u l p  and monomer s o l u t i o n  were i r r a d i a t e d  s imu l taneous ly ,  

I n  a1 1 t h ree  methods, sepa ra t i on  o f  homopolymer was conducted i n  

an i d e n t i c a l  manner: the r e a c t i o n  p roduc ts  were t r a n s f e r r e d  t o  t a r e d  

s o x h l e t  e x t r a c t i o n  th imb les ,  and e x t r a c t e d  f o r  72 hours w i t h  wa te r  a t  

100a, The th imbles were d r i e d  and weighed; t he  we igh t  inc rease  o f  

t h e  p u l p  due t o  g r a f t i n g  was c a l c u l a t e d  as t h e  pe r  cen t  g r a f t ,  

I S 1-2-3 C h a r a c t e r i z a t i o n  o f  Blends 

As descr ibed  l a t e r ,  BKP was g r a f t e d  w i t h  58% acry lamide,  and DP 

was g r a f t e d  wi  t h  98% acry lami  de, These g r a f t s ,  a long  w i t h  ung ra f t ed  

BKP, were b lended  i n  va r ious  p r o p o r t i o n s  w i t h  t h e  h i g h  y i e l d  p u l p  

from Cook #616, Handsheets o f  t h e  b lends were prepared accord ing  

t o  Tappi Standard T  205 m-58, and sub jec ted  t o  t h e  f o l  l ow ing  phys i c a l  

t e s t s  : 
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1 )  B u r s t i n g  s t r e n g t h  (T  403 t s  - 63) 

2) Tens i l e  Break ing  S t reng th  (T  404 t s  - 66) 

3) S t r e t c h  ( T  457 m - 46) 

4)  Fol  d i  ng Endurance (T  51 1 s u  - 69) 

5) I n t e r n a l  Tea r i ng  Res is tance (T 414 t s  - 65) 

A ve ry  pure  s u l f a t e  d i s s o l v i n g  p u l p  was 

ac ry lamide  po lymer izes very  r a p i d l y  w i t h  rad  

and t he  pe rox i de  techniques were ma in ly  used 

d u c t i o n  t o  t h i s  s e c t i o n .  The p u l p  was i r r a d  

1 1  1 - 3 Resul ts  and D iscuss ion  

I1 1-3-1 G r a f t i n g  Exper iments 

i n v e s t i g a t e d  f i r s t ,  S ince 

i a t i o n ,  t h e  p r e - i  r r a d i a t i o n  

as descr ibed  i n  t h e  i n t r o -  

i a t e d  i n  a i r  a t  a  dose r a t e  

o f  1 , O  Mrad pe r  hour  a t  30°C; then t h e  a i  r was removed and a  de-aerated 

s o l u t i o n  o f  20% o f  ac ry lamide  i n  a  70:30 wate r -e thano l  m i x t u r e  was 

added, The temperature was r a i s e d  t o  60°C and t he  reac t  i on  a1 lowed t o  

proceed, I t  was found t h a t  t h e  g r a f t i n g  was complete i n  15 hours;  o n l y  

n e g l i g i b l e  changes i n  y i e l d  were found on i nc reas ing  t h e  y i e l d  t o  50 

hours,  The g r a f t i n g  y i e l d  as a  f u n c t i o n  o f  t h e  dose used i s  shown i n  

F i g ,  14, A f t e r  2  Megarads t he  p l a t e a u  o f  r a d i c a l  concen t ra t i on  appears 

t o  have been reached and no f u r t h e r  inc rease  i n  g r a f t i n g  was found, 

A t  t h i s  p o i n t  130% g r a f t i n g  was achieved, - i ,e the  p u l p  had increased 

i n  we igh t  2,3 t imes,  I n  F ig ,  15,  t h e  e f f e c t  o f  t he  water -e thanol  

r a t i o  on t h e  g r a f t i n g  y i e l d  a t  3 Mrads i s  shown, I nc reas ing  t he  wa te r  

con ten t  increases the y i e l d  presumably ma in ly  due t o  t h e  increased 

swe l l  i n g  o f  the  pu lp ,  However, above about 90% wate r ,  t he re  i s  

cons ide rab le  ge l  fo rmat ion  i n  t he  monomer phase making i t  imposs ib le  

t o  remove t h e  g r a f t e d  p u l p  i n  a  c l ean  manner, 

A f t e r  the  success o f  these i n i t i a l  exper iments  a  number o f  

a d d i t i o n a l  pu lps  were s t u d i e d  under t h e  3  Mrad p r e - i r r a d i a t i o n  i n  a i r  

c o n d i t i o n s  descr ibed  p r e v i o u s l y ,  Cot ton l i n t e r s  and t he  pure a lpha 

ce l  l u l o s e  s u l f a t e  d i s s o l v i n g  p u l p  b o t h  g r a f t e d  e a s i l y  t o  about 60%, 

The presence o f  even smal 1 amounts o f  1 i g n i n ,  however, caused a  sharp 

drop i n  t he  g r a f t i n g  y i e l d ;  even b leached k r a f t  p u l p  (BKP) ,  w i t h  c l ose  

t o  ze ro  1 i g n i n  con ten t ,  o n l y  g r a f t e d  20% and t he  unbleached k r a f t ,  

w i t h  o n l y  4,0% l i g n i n ,  g r a f t e d  e s s e n t i a l l y  n o t h i n g ,  To see i f  dose 



Water 70 
E t O H  30 

Dose ( ~ r a d )  

F i g u r e  14. G r a f t i n g  o f  DP w i t h  a c r y l a m i d e  vs. dose: 
p r e - i  r r a d i a t i o n  i n  a i  r 
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4- Homopo 1 yme r 
i s  h a r d l y  d i s o l v e d  
i n  the case o f  
100% wa te r  

100 Water 
0  Ethanol 

C o n s t i t u t i o n  o f  monomer s o l u t i o n  (per cen t )  

F igure  15. G r a f t i n g  o f  DP w i t h  ac ry lamide  vs. % H 0 :p re - i  r r a d i a t i o n  
i n  a i r  

2 
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was a  f a c t o r ,  these pu lps were i r r a d i a t e d  w i t h  up t o  47 Mrads; again  no 

g r a f t i n g  o f  consequence was achieved, A l l  these da ta  a re  shown g r a p h i c a l l y  

i n  F i g ,  16, These r e s u l t s  were s u r p r i s i n g ,  s i n c e  e a r l  i e r  work i n  these 

l a b o r a t o r i e s  showed t h a t  s t y rene  coul  d  be  read i  1 y  g r a f t e d  t o  unbleached 

k r a f t  pu lps  us i ng  t h e  mutual technique.  

A number o f  t h e  g r a f t i n g  exper iments were conducted by i r r a d i a t i n g  

t h e  pu lps under vacuum t o  see i f  oxygen had a  d e l e t e r i o u s  e f f e c t  on t h e  

g r a f t i n g  r e a c t i o n ,  I t  was known t h a t  c e r t a i n  pheno l i c  compounds, f o r  

example, o n l y  behaved as i n h i b i t o r s  i n  t h e  presence o f  a i r ,  The r e s u l t s  

a re  shown i n  F i g ,  17, I t  can be seen t h a t  c o t t o n  l i n t e r s  gave g r e a t l y  

increased g r a f t i n g  by p r e - i r r a d i a t i o n  under vacuum compared w i t h  i n  a i r .  

The unbleached k r a f t  pu lp ,  however, con t inued  t o  g i v e  d i s a p p o i n t i n g l y  

poor  y i e l d s ,  The g r a f t i n g  was more e f f e c t i v e ,  however, than those 

c a r r i e d  o u t  i n  a i r ,  Thus, the  h i g h e s t  l i g n i n  con ten t  p u l p  ( ~ 4 ~ 2 % )  

g r a f t e d  about 7% i n  vacuum compared w i t h  o n l y  about 1 %  i n  a i  r a t  3 Mrads, 

These samples were i r r a d i a t e d  a t  room temperature,  On i r r a d i a t i n g  t h e  

samples i n  vacuum a t  - 7 8 ' ~  y i e l d s  up t o  19% were ob ta ined ,  Th is  was 

presumably due t o  t he  more e f f i c i e n t  p r o d u c t i o n  o f  r a d i c a l s  i n  the  

f r ozen  sys tem, 

S ince t h e  mutual method worked so e f f e c t i v e l y  w i t h  g r a f t i n g  s t y r e n e  

t o  unbleached k r a f t ,  i t  was t r i e d  w i t h  ac ry lamide  as the  monomers, The 

r e s u l t s ,  shown i n  F i g ,  18, conf i rmed t h a t  some g r a f t i n g  took p l ace  when 

the  1 i g n i n  con t e n t  was zero, a1 though o n l y  about 17% even i n  the  case 

o f  c o t t o n  1 i n t e r s ,  The k r a f t  pu l p ,  however, even w i t h  o n l y  4% 1 i g n i n ,  

g r a f t e d  t o  o n l y  5% i n  t he  b e s t  case, To check, i f  ac ry lamide  o r  the 

p r e - i r r a d i a t i o n  technique was respons ib l e  f o r  t he  poor  r e s u l t s  w i t h  

the  1 i g n i  n  pu lps ,  t h e  exper iments were repeated us i n g  s t y r e n e  as t he  

mon ome r , 

Cons ider ing  f i r s t  t h e  mutual r e s u l t s  w i t h  s t y rene  shown i n  F i g ,  19, 

i t  can be seen t h a t  the l i g n i n  c o n t a i n i n g  pu lps  a c t u a l l y  g r a f t e d  more 

than t he  pure  ce l  l u l o s e  pu lps  e s p e c i a l l y  i n  t h e  aqueous methanol s o l v e n t  

system, Th is  i s  i n  agreement w i t h  t he  r e s u l t s  p r e v i o u s l y  ob ta i ned  by 

Lepout r e  (379, The pre-  i r r a d i  a t  i on  method, however, us i ng t h e  same 

s o l v e n t  system, gave e s s e n t i a l l y  zero g r a f t i n g  w i t h  t he  1 i g n i n - c o n t a i n i n g  

pu lps ,  i n  l i n e  w i t h  t he  r e s u l t s  ob ta i ned  w i t h  acry lamide,  Again e x c e l l e n t  
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F igure 16. G r a f t i n g  o f  wood pu lp  w i t h  acry1amide:pre- i r r a d i a t i o n  
i n  a i r  



0 Cot ton l i n t e r s  

KP 

3 Mrad 

- ~ ~ l ~ : ~ i n  d ry  c e e ~ e o ~ ]  

3 Mrad 
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F i gu re  17, G r a f t i n g  o f  wood p u l p  w i t h  acry1amide:pre-irradiation 
i n  vacuum 



0 Cot ton 1 i n t e r s  

e KP 

5 Mrad Et0H:Water = 3:7 

0.5 Mrad Et0H:Water = 3:7 

1 6 M r a d  MeOH:Water=g : l  

L i g n i n  con ten t  i n  wood pulp (per cen t )  

F igure  18. G r a f t i n g  o f  wood pulp w i t h  acry1amide:mutual i r r a d i a t i o n  
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19. G r a f t i n g  o f  wood p u l p  w i t h  s tyrene:mutua l  i r r a d i a t  i o n  
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i n g  y i e l d s  were ob ta i ned  under i den t  

l o s e  pu lps  ( ~ i g ,  20) ,  

I n  an a t tempt  t o  f i n d  the  reason f o r  

i c a l  c o n d i t i o n s  w i t h  t h e  pure 

t h e  d e l e t e r i o u s  e f f e c t  o f  

1 i g n i n  on t h e  g r a f t i n g  y i e l d ,  c o t t o n  1 i n t e r s  were coated w i t h  a  known 

amount o f  l i g n i n  f rom s o l u t i o n ,  These c o t t o n  l i n t e r s  were then sub- 

j e c t e d  t o  the  va r i ous  g r a f t i n g  t rea tments  s t u d i e d  p r e v i o u s l y  , The 

r e s u l t s  a re  shown i n  F igs .  21-22, I t  can be seen t h a t  i n  every  case 

t h e  1 i g n i n  caused a  huge decrease i n  t h e  g r a f t i n g  y i e l d ,  Even i n  the  

case o f  t he  mutual g r a f t i n g  o f  s t y rene ,  F ig ,  24, the  y i e l d s  dropped 

from about 60% t o  36% a t  3  Mrads. I t  was thought t h a t  t h e  1 i g n i n  would  

reduce t h e  s w e l l i n g  o f  t h e  paper sheets made f rom t h e  t r e a t e d  c o t t o n  

1 i n t e r s  b u t  exper iments showed t h a t  t h i s  e f f e c t  was o n l y  m inor  and n o t  

s u f f i c i e n t  t o  account f o r  t h e  d r a s t i c  decrease i n  g r a f t i n g .  

The e f f e c t  o f  b e a t i n g  t h e  p u l p  on t h e  g r a f t i n g  y i e l d  was a l s o  

s t ud ied ,  w i t h  the b leached k r a f t  p u l p  and t h e  unbleached k r a f t  con ta i n -  

i n g  4,0% 1 i g n i n ,  The r e s u l t s ,  p resen ted  i n  F i g .  25, showed t h a t  b e a t i n g  

a c t u a l l y  caused a  smal l  decrease i n  t he  g r a f t i n g  y i e l d ,  t h e  reason f o r  

t h i s  i s  no t  c l e a r  and was q u i t e  unexpected, 

F i n a l l y ,  e l e c t r o n  s p i n  resonance (ESR) spect roscopy was used t o  

s tudy  t he  p roduc t i on  o f  pu re  r a d i c a l s  i n  t h e  va r i ous  pu lps d u r i n g  the  

p r e - i  r r a d i a t i o n  technique.  The r e s u l t s  a re  summarized i n  g r a p h i c a l  

form i n  F i g ,  26. I t  i s  c l e a r l y  seen from these r e s u l t s  t h a t  t h e  1 i g n i n  

had zero  o r  o n l y  minor  e f f e c t s  on t h e  y i e l d  o f  r a d i c a l s ,  Furthermore, 

t h e  shape o f  the spectrum i t s e l  f showed s imp ly  an a d d i t i v e  e f f e c t  on 

t h e  spectrum o f  the  1 i g n i n  p l us  t h a t  o f  t h e  c e l l u l o s e ,  The i n h i b i t i o n  

o f  t h e  p r e - i r r a d i a t i o n  g r a f t i n g  o f  bo th  s t y rene  and ac ry lamide  t o  

ceP l u l o s e  pu lps  by t he  1 i g n i n  i s  q u i t e  puzz l  i n g  and c e r t a i n l y  needs 

f u r t h e r  i n v e s t i g a t i o n ,  From t h e  p r a c t i c a l  v i ewpo in t ,  however, i t  i s  

c l e a r  t h a t  i t  i s  n o t  p o s s i b l e  w i t h  t he  p resen t  techniques o f  r a d i a t i o n  

g r a f t i n g  t o  s u c c e s s f u l l y  g r a f t  ac ry lamide  t o  h i g h  y i e l d  pu lps ,  Ac- 

c o r d i n g l y ,  another  approach was used, That i s ,  l i g n i n - f r e e  pu lps were 

h e a v i l y  g r a f t e d  w i t h  ac ry lamide  and these were then used as a d d i t i v e s  

t o  boos t  t h e  s t r e n g t h  p r o p e r t i e s  o f  h i gh  y i e l d  pu lps ,  The r e s u l t s  o f  

these s t u d i e s  w i l l  be descr ibed  i n  the  f o l l o w i n g  s e c t i o n ,  
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L i g n i n  con ten t  i n  wood p u l p  (per cen t )  

F i gu re  20. G r a f t i n g  o f  wood p u l p  w i t h  s t y r e n e : p r e - i r r a d i a t i o n  
i n  a i r  



0 0  React ion t ime 15 h r s .  

@ React ion t ime 50 h r s .  

K r a f t  1 i g n i n  con ten t  i n  1 ign in-absorbed 1 i n t e r s  
( ~ e r  cen t  based on l i n t e r s )  

F i gu re  21, G r a f t i n g  o f  1 i n t e r s - 1  i g n i n  m i x t u r e  w i t h  acry lam 
p r e - i r r a d i a t i o n  i n  a i r  

i de :  



F igu re  22. 

K r a f t  l i g n i n  con ten t  i n  l i gn i n -abso rbed  l i n t e r s  
( pe r  cen t  based on 1 i n t e r s )  

G r a f t i n g  o f  l i n t e r s - l i g n i n  m i x t u r e  w i t h  ac ry lamide :  
p r e - i r r a d i a t i o n  i n  vacuum 



Monomer Sol u t  i o n  

Styrene 20 
Methanol 72 
Water 8 

Styrene 33 
Dioxane 65.5 
Water 1.5 

K r a f t  1 i g n i n  con ten t  i n  l i gn i n -abso rbed  1 i n t e r s  
( pe r  cen t  based on 1 i n t e r s )  

F i gu re  23. G r a f t i n g  o f  1 i n t e r s - 1  i g n i n  m i x t u r e  w i t h  s ty rene :  
p r e - i  r r a d i a t i o n  i n  a i r  



F igu re  

K r a f t  l i g n i n  con ten t  i n  l i gn i n -abso rbed  l i n t e r s  
(per  cen t  based on l i n t e r s )  

24. G r a f t i n g  o f  1 i n t e r s - 1  i g n i n  m i x t u r e  w i t h  s tyrene:mutua l  
i r r a d i a t i o n  
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P.F. I .  M i  1 1  b e a t i n g  t ime (niin,) 

F i gu re  25, E f f e c t  o f  b e a t i n g  on g r a f t i n g  o f  wood p u 1 p : p r e - i r r a d i a t i o n  
i n  a i r  
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in a i r  (0.14 ~ r a d / h r )  

nde tec tab le  4 
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L i g n i n  con ten t  ( pe r  cen t )  



1 1  1-3-2 S t reng th  o f  Blended Gra f t ed  Pulps Wi th  High Y i e l d  Pulps 

Two h i g h l y  g r a f t e d  1 i g n i n  f r e e  pu lps  were used f o r  t h e  b l e n d i n g  

s t u d i e s ,  The f i  r s t  was a  bleached k r a f t  (sof twood) p u l p  g r a f t e d  w i t h  

58% o f  a c r y l  ami de des ignated BKPG and t h e  second was a  sof twood d i s -  

s o l v i n g  p u l p  g r a f t e d  w i t h  98% o f  ac ry lamide  (DPG),  The h i g h  y i e l d  

p u l p  was a  sof twood unbleached k r a f t  (cook No, 616, Table  V I  I I )  con- 

t a i n i n g  12,6% l i g n i n ,  

The b lends were a l l  beaten f o r  3 minutes i n  a  PFI m i l l ,  The pure 

g r a f t s  would  n o t  form good hard sheets ,  b e i n g  t oo  j e l l y - 1  i k e  f o r  good 

format ion,  They blended, however, ex t reme ly  w e l l  w i t h  the h i gh  y i e l d  

pu lp ,  fo rm ing  good handsheets o f  good appearance. The s t r e n g t h  o f  t he  

sheets a re  p resen ted  a t  va r ious  b l e n d i n g  r a t i o s  i n  F i gs ,  27-31. I n  

a d d i t i o n  t o  the b lends w i t h  t he  g r a f t e d  pu lp ,  b lends w i t h  a  s t r o n g  

b leached k r a f t  p u l p  (ungra f ted )  was a l s o  s t u d i e d  and these r e s u l t s  

a r e  a l s o  inc luded ,  The r e s u l t s  may be summarized as f o l l o w s :  the 

b u r s t i n g  s t r e n g t h  i s  g r e a t l y  improved by t h e  a d d i t i o n  o f  t he  g r a f t e d  

pu lp ,  i n c reas ing  2.5 t imes w i t h  a  25% a d d i t i o n  o f  t he  g r a f t e d  d i s -  

s o l v i n g  pu lp ,  and 2.0 t imes w i t h  25% o f  t h e  g r a f t e d  b leached k r a f t  

pu lp ,  The pure b leached k r a f t  pu lp ,  on t h e  o t h e r  hand, was o n l y  2,2 

t imes as s t r o n g  as the  h i g h  y i e l d  pu lp ,  The t e n s i l e  b reak ing  s t r eng ths  

were a l s o  encouraging, 25% blends reaching more than double t h e  s t r e n g t h  

again  h i g h e r  than t h e  b leached k r a f t  p u l p  a lone,  The e l onga t i ons  were 

a l s o  h l g h e r  b u t  lower  than those ob ta i ned  w i t h  t h e  pure b leached k r a f t  

pu lp ,  The f o l d i n g  endurances were a l s o  h i gh ,  i nc reas ing  f rom o n l y  20 

t o  n e a r l y  700 a t  25% b lends,  F i n a l l y  t he  i n t e r n a l  t e a r i n g  r es i s t ance  

was a l s o  found t o  inc rease  b u t  o n l y  1,5 t imes a t  the  25% l e v e l ,  

i l l  - 4 Conclusions 

The p r imary  goal  o f  t h i s  p o r t i o n  o f  the  i n v e s t i g a t i o n  c o u l d  n o t  

be accomplished; i t  was no t  poss ib l e ,  us i ng  r a d i a t i o n ,  t o  g r a f t  s i g -  

n i f i c a n t  amounts o f  ac ry lamide  t o  t he  h i g h  y i e l d  pu lps ,  regard less  

o f  t he  technique used, The reason f o r  t h e  f a i l u r e  i s  n o t  c l e a r l y  

understood, 
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F igure 27. Burs t ing  s t rength  o f  blended pulps 

Q High Y i e l d  Pulp #616 

Softwood k r a f t  pu lp  
55.0% y i e l d ,  96.9 Kappa No. 
L i g n i n  content 12.6% 
Beaten 3 min. (PFI  ill) 

0 BKP-G 

Softwood bleached k r a f t  pu lp  
Beaten 3 min. (PFI  ill) 
Grafted w i  t h  acrylamide (58%) 

BKP 

Softwood bleached k r a f t  pu lp  
Beaten 3 min. ( P F I  M i  1 1 )  
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I 



I f I I 

100 7 5 50 25 0 

Content of  h i g h  y i e l d  p u l p  ( pe r  cen t )  

F i gu re  28, Tensi l e  b reak ing  s t r e n g t h  o f  b lended pu lps  
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F igure 29. S t re t ch  o f  blended pulps 
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30, F o l d i n s  endurance o f  b lended D U ~ D S  
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F igure  31. I n t e r n a l  t e a r i n g  res i s tance  o f  blended pulps 



5 7 
The blends o f  h i g h  y i e l d  p u l p  and h i g h l y - g r a f t e d  c e l l u l o s e  pu lps  

do g i v e  improved s t r e n g t h  p r o p e r t i e s ;  t h e  b lends o f  g r a f t e d  c e l l u l o s e  

p u l p  and h i g h  y i e l d  p u l p  a re  s t r o n g e r  than h i g h  y i e l d  p u l p  a lone,  and 

a l s o  s t r o n g e r  than b lends o f  ung ra f t ed  ce l  l u l o s e  p u l p  and h i g h  y i e l d  

pu lp ,  

The more h i g h l y  g r a f t e d  d i s s o l v i n g  p u l p  appears t o  be more e f f e c t i v e  

i n  improv ing s t r e n g t h  p r o p e r t i e s  than t h e  l e s s - g r a f t e d  b leached k r a f t  

pu lp ,  I t  i s  n o t  known whether the  increased e f f e c t i v e n e s s  i s  a 

f u n c t i o n  o f  t h e  per  cen t  g r a f t ,  o r  a  p r o p e r t y  o f  t h e  c e l l u l o s e  p u l p  

i t s e l  f ,  
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