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THE EFFECT OF ANTHRAQUINONE AND ANTHRAHYDROQUINONE 
PENETRATION ON DELIGNIFICATION I N  THE SODA PULPING 

OF NORWAY SPRUCE 

L a u r e l  E. F a l k ,  P e t e r  S a r k o ,  M i c h a e l  I. Berger 
and C a r l t o n  W. Dence 

Empire S t a t e  Paper  Research  I n s t i t u t e  
SUNY C o l l e g e  of Envi ronmenta l  S c i e n c e  a n d  F o r e s t r y  

S y r a c u s e ,  N e w  York 13210 

ABSTRACT 

The e x t e n t  of a n t h r a q u i n o n e  ( A Q )  p e n e t r a t i o n  i n t o  
h a n d c u t  Norway s p r u c e  c h i p s  as a f u n c t i o n  of c o o k i n g  
time was examined t h r o u g h  t h e  combined u s e  of 14C-label-  
l e d  AQ and v a r i o u s  wood s e c t i o n i n g  t e c h n i q u e s .  The 
r e s u l t s  i n d i c a t e d  t h a t  i n  t h e  i n i t i a l  s t a g e  of t h e  
cook,  t h e  AQ w a s  d e p o s i t e d  m a i n l y  a t  or n e a r  t h e  c h i p  
s u r f a c e s  i n  c o n t r a s t  t o  t h e  a l k a l i  which p e n e t r a t e d  t o  
t h e  c h i p  core. With i n c r e a s i n g  c o o k i n g  t i m e ,  free and/  
or combined AQ c o n c e n t r a t i o n  a t  t h e  t r a n s v e r s e  s u r f a c e  
of t h e  c h i p s  f i r s t  d e c r e a s e d  t h e n  i n c r e a s e d  b o t h  i n  
t h i s  r e g i o n  and  i n  t h e  c h i p  i n t e r i o r .  T h i s  non-uniform 
d i s t r i b u t i o n  of AQ and  a l k a l i  w i t h i n  t h e  c h i p s  d u r i n g  
t h e  i n i t i a l  s t a g e  of p u l p i n g  was a l so  m a n i f e s t  by t h e  
Kappa number which i n c r e a s e d  s i g n i f i c a n t l y  i n  proceed- 
i n g  from c h i p  e x t e r i o r  t o  core. 

A s u b s t a n t i a l  r e d u c t i o n  i n  Kappa number w i t h o u t  
s a c r i f i c e  i n  y i e l d  was a c h i e v e d  by i m p r e g n a t i n g  t h e  
c h i p s  w i t h  a n  a l k a l i n e  s o l u t i o n  of a n t h r a h y d r o q u i n o n e  
p r i o r  t o  p u l p i n g  w i t h  a l k a l i  as compared w i t h  AQ addi- 
t i o n  i n  t h e  c o n v e n t i o n a l  manner.  S u b s e q u e n t  exper imen-  
t a t i o n  led t o  t h e  c o n c l u s i o n  t h a t  t h e  improved p e r f o r -  
mance o f  AQ i n  t h i s  case w a s  p r o b a b l y  a t t r i b u t a b l e  t o  
its more e f f i c i e n t  u s e  as a d e l i g n i f i c a t i o n  " c a t a l y s t "  
as a r e s u l t  of i t s  b e i n g  d i s p e r s e d  t h r o u g h o u t  c h i p s  i n  
i t s  r e d u c e d  form from t h e  o u t s e t  of p u l p i n g .  

C o n t r i b u t i o n  N o .  166 from t h e  Empire S t a t e  P a p e r  
R e s e a r c h  I n s t i t u t e ,  S t a t e  U n i v e r s i t y  of N e w  York, 
C o l l e g e  o f  Envi ronmenta l  S c i e n c e  and F o r e s t r y ,  
S y r a c u s e ,  NY 13210. 
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INTRODUCTION 

FALK ET AL. 

The r e s u l t s  o f  p r e v i o u s  s t u d i e s  r e p o r t e d  by u s 1  
and o t h e r s 2  have  shown t h a t  t h e  d i s t r i b u t i o n  o f  a n t h r a -  
quinone between t h e  wood and l i q u o r  p h a s e s  of a soda 
cook c h a n g e s  markedly  as t h e  digester i s  h e a t e d  t o  t h e  
p r e s c r i b e d  p u l p i n g  t e m p e r a t u r e .  T h i s  s u g g e s t e d  t h a t  
c h e m i c a l  and/or  p h y s i c a l  t r a n s f o r m a t i o n s  t a k i n g  p l a c e  
i n  t h e  i n i t i a l  s t a g e s  of t h e  cook c o u l d  have  an impor-  
t a n t  bearing o n  t h e  p e r f o r m a n c e  of  AQ as a d e l i g n i f i c a -  
t i o n  " c a t a l y s t " ,  and  t h e r e f o r e  merited a closer s c r u -  
t i n y .  

t i g a t i o n  c o n s i s t e d  of making a series o f  s h o r t - t e r m  
soda cooks  w i t h  1 4 C - l a b e l l e d  AQ, followed by a n  a n a l -  
y s i s  t o  determine t h e  c o n d i t i o n  of t h e  AQ ( i . e . ,  
whether  it was f r e e  or c h e m i c a l l y  combined w i t h  a 
c o n s t i t u e n t  of t h e  w o o d )  as a f u n c t i o n  of t h e  d e p t h  of 
p e n e t r a t i o n  i n t o  t h e  c h i p .  However, t h e  i n i t i a l  
f i n d i n g s  made it  desirable t o  modi fy  t h i s  o b j e c t i v e  
somewhat so as t o  place greater e m p h a s i s  on e x p l o r i n g  
t h e  r e l a t i o n s h i p  be tween d e l i g n i f i c a t i o n  and  t h e  e x t e n t  
and u n i f o r m i t y  o f  AQ p e n e t r a t i o n  i n t o  c h i p s .  

A c c o r d i n g l y ,  t h e  e x p e r i m e n t a l  p l a n  f o r  t h i s  i n v e s -  

RESULTS AND DISCUSSION 

P e n e t r a t i o n  of 14-C-Labelled AQ i n t o  Handcut  Norway 
S p r u c e  and Douglas  F i r  C h i p s  

A m i x t u r e  of t e c h n i c a l  Norway s p r u c e  (Picea a b i e s  
Karst.) c h i p s  ( 9 5 % )  and h a n d c u t  c h i p s  ( 5 % )  of  3-4 nun 
t h i c k n e s s  were treated w i t h  a l k a l i  ( 2 0 %  N a O H )  i n  t h e  
p r e s e n c e  of 0.1% of 14C-AQ f o r  periods of up t o  25 
m i n u t e s  and a maximum t e m p e r a t u r e  of 17OoC as described 
p r e v i o u s l y l .  The cooked c h i p s  were b lo t ted ,  and  micro- 
tome s e c t i o n s  (40-pm t h i c k n e s s )  were s u c c e s s i v e l y  c u t  
from t h e  c r o s s - s e c t i o n  s u r f a c e  t o  a d e p t h  of a p p r o x i -  
m a t e l y  7 nun. The s e c t i o n s  were combined i n t o  a series 
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EFFECT OF ANTHRAQUINONE 37 

of f r a c t i o n s  r e p r e s e n t i n g  v a r y i n g  d i s t a n c e s  from t h e  
c h i p  s u r f a c e ,  and t h e  l abe l  was d e t e r m i n e d  by l i q u i d  
s c i n t i l l a t i o n  c o u n t i n g .  A p a r a l l e l  set of microtome 
s e c t i o n s  was digested i n  a m i x t u r e  of n i t r i c  and 
p e r c h l o r i c  acids and t h e  sodium c o n t e n t  determined by 
atomic absorption spectrometry. 
r a d i o l a b e l  c o u n t i n g ,  t h e  f r e e  and  c h e m i c a l l y  combined 
forms of AQ are i n d i s t i n g u i s h a b l e .  C o n s e q u e n t l y ,  a l l  
stated "AQ" c o n c e n t r a t i o n  values s h o u l d  be understood 
as  r e p r e s e n t i n g  t h e  free and/or  combined forms of AQ 

u n l e s s  i n d i c a t e d  o t h e r w i s e .  

When measured by 

The d i f f e r e n c e  i n  p e n e t r a t i o n  of I4C-AQ and sodium 
i n t o  t h e  h a n d c u t  c h i p s  is i l l u s t r a t e d  by t h e  p lo t s  i n  
F i g .  1. The p l o t s  show t h a t  u n d e r  c o n d i t i o n s  where t h e  

sodw-cool< 2 

b 
0 0  

0 

0 0  

P 

CHIP DEPTH.mm 

F i g u r e  1. Sodium a n d  a n t h r a q u i n o n e  pene t ra t ion  of Norway 
s p r u c e  c h i p s  i n  soda-AQ p u l p i n g .  C o o k i n g  con-  
d i t i o n s :  300g 0.d. c h i p s  ( m o i s t u r e  c o n t e n t  of 
h a n d c u t  c h i p s ,  2 4 . 0 % ) ,  20% NaOH,'0.1% AQ, L/W = 
5 : l ;  c o o k  1, 15 min t o  83OC; c o o k  2 ,  30 min to  
1 2 5 o C .  
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38 FALK ET AL. 

sodium had p e n e t r a t e d  e s s e n t i a l l y  t o  t h e  core of t h e  
c h i p ,  AQ p e n e t r a t i o n  was mainly c o n f i n e d  t o  a d e p t h  of 
2 mm or less i n  t h e  l o n g i t u d i n a l  d i r e c t i o n .  A s imi la r  
14C-AQ d i s t r i b u t i o n  p r o f i l e  was n o t e d  by Cameron e t  a l 3  
i n  t h e i r  t r e a t m e n t  of e u c a l y p t s  and P. radiata w i t h  AQ 

under  NSSC p u l p i n g  c o n d i t i o n s  . 
t h e  radial and  t a n g e n t i a l  surfaces of t h e  c h i p s .  How- 
ever, p e n e t r a t i o n  a t  t h e s e  s u r f a c e s  was j u d g e d  t o  be 
v e r y  small i n  t h e  s h o r t - t e r m  c o o k s  i n  v iew of t h e  f a c t  
t h a t  t h e  t w o  p l o t s  i n  F i g .  1 show t h e  AQ c o n c e n t r a t i o n  
t a i l i n g  o f f  t o  e s s e n t i a l l y  zero i n  p r o g r e s s i n g  from t h e  
s u r f a c e  of t h e  c h i p  t o  t h e  core. The lower e x t e n t  of 
p e n e t r a t i o n  i n  t h e  radial  and t a n g e n t i a l  d i r e c t i o n s  as 
compared t o  t h a t  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  is a 
t r e n d  f r e q u e n t l y  r e p o r t e d  i n  t h e  l i t e r a t u r e  (e.g.4-’)-  

The p l o t  i n  F i g .  1 c o r r e s p o n d i n g  t o  AQ shows t h a t  
a f t e r  h e a t i n g  t h e  h a n d c u t  c h i p s  t o  83OC over a 15-min 
p e r i o d ,  t h e  c o n c e n t r a t i o n  of AQ a t  or n e a r  t h e  cross- 
s e c t i o n a l  s u r f a c e  was 2.0-2.5 mg/g of 0.d. wood or 
a p p r o x i m a t e l y  2-2.5 t i m e s  t h e  c o n c e n t r a t i o n  e x p e c t e d  
had a l l  of  t h e  a p p l i e d  AQ been d i s t r i b u t e d  u n i f o r m l y  

t h r o u g h o u t  t h e  c h i p .  With i n c r e a s i n g  p u l p i n g  t i m e  and 
h i g h e r  t e m p e r a t u r e ,  t h e  c o n c e n t r a t i o n  of t h e  AQ i n  t h e  
v i c i n i t y  o f  t h e  c r o s s - s e c t i o n a l  s u r f a c e  was o b s e r v e d  t o  
decrease markedly ( F i g .  1). T h i s  i n i t i a l  t r a n s f e r r a l  
o f  AQ from t h e  wood p h a s e  to  t h e  l i q u o r  p h a s e  i n  t h e  
i n i t i a l  stages of a soda-AQ cook h a s  been  s i m i l a r l y  
n o t e d  by Fleming e t  a 1 2 ,  who credited t h e  phenomenon t o  
t h e  r e d u c t i o n  o f  free AQ t o  a n t h r a h y d r o q u i n o n e  ( A H Q ) ,  

which is s o l u b l e  i n  t h e  a l k a l i n e  medium. 

N o  a t t e m p t  was made t o  measure  AQ p e n e t r a t i o n  a t  

The f a c t  t h a t  p e n e t r a t i o n  o f  sodium h y d r o x i d e  i n t o  
t h e  c h i p  f a r  exceeded  t h a t  of AQ i n  t h e  i n i t i a l  p h a s e  
of t h e  cook implies t h a t  o n l y  a f a i r l y  nar row z o n e  b o r -  
d e r i n g  t h e  c h i p  s u r f a c e s  a c t u a l l y  e x p e r i e n c e d  soda-AQ 
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EFFECT OF ANTHRAQUINONE 39 

p u l p i n g  w h i l e  a major p o r t i o n  of t h e  c h i p  e s s e n t i a l l y  
underwent  c o n v e n t i o n a l  soda p u l p i n g .  A s  a c o n s e q u e n c e ,  
t h e  p r e s u m p t i o n  was t h a t  t h e  b e n e f i t s  of AQ w i t h  res- 
p e c t  t o  enhanced  d e l i g n i f i c a t i o n  were n o t  f u l l y  
a c h i e v e d .  The v a l i d i t y  of t h e  s u p p o s i t i o n  i s  r e i n -  
i o r c e d ' b y  t h e  data  i n  T a b l e  1. Thus,  s e c t i o n s  c u t  f rom 
soda-AQ p u l p e d  h a n d c u t  c h i p s  showed p r o g r e s s i v e  
i n c r e a s e s  i n  Kappa number p a r a l l e l i n g  t h e  decrease i n  
AQ c o n c e n t r a t i o n  i n  p r o c e e d i n g  from s u r f a c e  t o  core. 
On t h e  o t h e r  hand ,  t h e  Kappa numbers o f  t h e  p u l p s  f rom 
t h e  c o r r e s p o n d i n g  z o n e s  c u t  f rom soda-pulped  c h i p s  were 
v i r t u a l l y  t h e  same, r e f l e c t i n g  t h e  u n i f o r m  p e n e t r a t i o n  
and  d e l i g n i f i c a t i o n  of t h e  c h i p s  by a l k a l i .  

The data  i n  T a b l e  1 f u r t h e r  show t h a t  p u l p s  from 
t h e  o u t e r  and  i n n e r  z o n e s  of t h e  c h i p s  p r o d u c e d  i n  soda- 
AQ p u l p i n g  had s i g n i f i c a n t l y  lower Kappa numbers t h a n  
t h e  c o r r e s p o n d i n g  zones of c h i p s  o b t a i n e d  by soda p u l p -  
i n g .  Comparison of t h e  Kappa numbers of t h e  p u l p s  p r e -  

TABLE 1 

Kappa Number G r a d i e n t  i n  P r o g r e s s i n g  from Chip  S u r f a c e  
t o  Core i n  t h e  soda-AQ p u l p i n g a  of  Norway S p r u c e  

Kappa NumberD 
Cook T o t a l  P u l p  O u t e r  I n n e r  
Type Yield,  % Zone Zone Core 

Soda-AQc 61.6 96 11 5 134 
Soda 65.0 126  135 129 

a p u l p i n g  C o n d i t i o n s :  300 g (0.d.  b a s i s ) ,  5% h a n d c u t ,  
95% commercial c h i p s ;  2 0 %  NaOH,  0 .1% AQ, L/W = 5/1; 
30 min t o  temp,  60 min a t  170oC; cooked c h i p s  d i s i n -  
t e g r a t e d  i n  Waring b l e n d e r ,  washed and s c r e e n e d .  

T236 0s-76 m o d i f i e d  t o  accommodate small s a m p l e s  
a v e r a g e  error, 5%). 

bHeasured on h a n d c u t  c h i p s  u s i n g  TAPPI S t a n d a r d  Method 

CAverage o f  t w o  e x p e r i m e n t s .  
dThe " o u t e r "  and " i n n e r "  zone  f r a c t i o n s  c o n t a i n  

material from a l l  s u r f a c e s  o f  t h e  c h i p s ,  t h u s  e a c h  
r e p r e s e n t s  a " s h e l l "  of p e n e t r a t i o n  d i s t a n c e .  
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40 FALK ET AL. 

pared from c h i p  cores i n  each  case r e v e a l e d  t h a t  t h e  
soda-AQ p u l p  had a s l i g h t l y  h i g h e r  Kappa number, a l -  
though t h e  d i f f e r e n c e  is p r o b a b l y  n o t  e x p e r i m e n t a l l y  
s i g n i f i c a n t .  T h i s  observation i s  c o n s i s t e n t  w i t h  t h e  
l o w  c o n c e n t r a t i o n  of free and/or  combined AQ found i n  
t h e  c h i p  cores of  t h e  soda-AQ pulp (see F i g .  1 a n d  
T a b l e  2 ) .  

A d e t e r m i n a t i o n  of t h e  b e h a v i o r  of AQ i n  a f u l l  
l e n g t h  cook w i t h  r e s p e c t  t o  c h i p  p e n e t r a t i o n  c o u l d  n o t  
be made u s i n g  t h e  method o f  microtome s e c t i o n i n g  s i n c e  
p u l p i n g  beyond 75 m i n u t e s  r e n d e r e d  t h e  c h i p s  too s o f t  
t o  b e  c u t  s u c c e s s f u l l y  u s i n g  t h i s  t e c h n i q u e .  To o v e r -  
come t h i s  problem, a series of soda-lIC-AQ c o o k s  o f  
w i d e l y  v a r y i n g  l e n g t h  was made. The h a n d c u t  c h i p s  were 
o n c e  a g a i n  a r b i t r a r i l y  s e c t i o n e d  i n t o  i n n e r ,  o u t e r  and  
core p o r t i o n s ' a n d  t h e  r a d i o a c t i v i t y  of e a c h  zone meas- 
ured .  The r e s u l t s  compi led  i n  T a b l e  2 confirm t h e  
t r e n d  n o t e d  earlier i n  which AQ c o n c e n t r a t i o n  a t  t h e  
c h i p  s u r f a c e  decreased as t h e  digester t e m p e r a t u r e  was 
i n c r e a s e d  to  125oC. With i n c r e a s i n g  c o o k i n g  t i m e ,  t h e  
c o n c e n t r a t i o n  of AQ ( f r e e  and combined forms) i n  t h e  
o u t e r  zone  once a g a i n  i n c r e a s e d  w h i l e  t h e  AQ i n  t h e  
i n n e r  and  core z o n e s  c o n t i n u e d  t o  i n c r e a s e .  Al though a 
g e n e r a l l y  similar trend m i g h t  be observed i n  t h e  cores 
of commercial c h i p s ,  t h e  e x p e c t a t i o n  is t h a t  t h e  
re la t ive d i s t r i b u t i o n s  of AQ i n  t h e  v a r i o u s  c h i p  z o n e s  
would d i f f e r  from t h o s e  measured i n  t h e  h a n d c u t  c h i p s  
as a c o n s e q u e n c e  of t h e  " d e s t r u c t u r i n g "  accompanying 
t h e  breakdown of wood i n  a commercial c h i p p e r .  

The AQ p e n e t r a t i o n  e x p e r i m e n t s  p e r f o r m e d  on hand- 
c u t  Norway s p r u c e  c h i p s  were r e p e a t e d  w i t h  Douglas  f i r  
( P s e u d o t s u g a  t ax i fo l i a  B r i t t . ) .  I n  t h i s  l a t te r  s i t u a -  
t i o n ,  c h i p s  h a n d c u t  f rom b o t h  hear twood and sapwood 
p o r t i o n s  of  t h e  wood (5%) were added i n d i v i d u a l l y  t o  
commercial wholewood c h i p s  ( 9 5 % )  and pulped w i t h  a l k a l i  
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TABLE 2 

Distribution of 14C-AQa into Handcut Norway Spruce 
Chips as a Function of Cookingb Time 

AQa, W/g of Pulp 
Cooking Time, min Outer Inner 
To temp At temp (170OC) Zonec Zonec Corec 

30 (1100) 0 
45 (1310) 0 
60 0 
60 15 
60 30 

0.28 0.10 
0.27 0.11 0.07 
0.22 0.17 0.08 
0.24 0.23 0.09 
0.42 0.27 0.18 

60 4 5  0.36 0.25 0.16 
aFree and/or combined. 
bpulping conditions are described in footnote a, Table 

CSee footnote d, Table 1. 
1. 

in the presence of AQ for a relatively short period. 

duplicated those used with the spruce. The results 
compiled in Table 3 confirm the generally recognized9 
poor penetrability associated with the heartwood of 
Douglas fir. The poor penetrability of the Douglas fir 
sapwood by 14C-AQ in comparison with that of the Norway 
spruce wholewood (see Table 3 )  was somewhat surprising, 
however. 

The microtoming and radiolabel counting procedures 

As anticipated, the restricted penetration of the 
AQ into the Douglas fir heartwood was evidenced, follow- 
ing soda and soda-AQ pulping, by the yield/Kappa number 
data in Table 4 which show AQ to be much more effective 
in promoting the delignification of spruce wholewood 
than of Douglas fir heartwood. 

Soda Pulping of Norway Spruce pre-impreqnated with AHQ 

Evidence presented in the preceding section (Fig. 
1 and Table 1) indicated that, in the soda-AQ pulping 
of Norway spruce, delignification as measured by Kappa 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



TA
BL

E 
3 

T
he

 
P

e
n

e
tr

a
ti

o
n

 o
f 

1
4

C
-L

ab
el

le
d

 
A

n
th

ra
q

u
in

o
n

e 
in

 t
h

e
 L

o
n

g
it

u
d

in
a

l 
D

ir
ec

ti
o

n
 

of
 

H
an

dc
ut

 D
o

u
g

la
s 

F
ir

 H
ea

rt
w

oo
d 

an
d

 
S

ap
w

oo
d 

C
h

ip
s 

in
 S

od
a-

A
Q

 
P

u
lp

in
g

a 

M
g 

A
Q

D
/g

 0
.d

. 
p

u
lp

 

M
at

er
ia

l 
C

o
o

k
in

g
 S

ch
ed

u
le

 
P

e
n

e
tr

a
ti

o
n

, 
mm

 
0

.5
 

1
.0

 
1

.5
 

2.
0 

3.
0 

D
ou

gl
as

 
f

i
r

 
1

5
 m

in
 t

o
 8

5%
 

h
ea

rt
w

o
o

d
 

D
o

u
g

la
s 

f
i

r
 

30
 m

in
 t

o
 1

16
O

C
 

h
ea

rt
w

o
o

d
 

D
o

u
g

la
s 

f
i

r
 

1
5

 m
in

 t
o

 8
3%

 
sa

pw
oo

d 

T
ra

ce
C

 
0 

0 
0 

0 

0.
44

 
0.

10
 

T
ra

ce
 

T
ra

ce
 

0 

0.
17
 

0.
10

 
T

ra
ce

 
0 

0 

N
or

w
ay

 
sp

ru
ce

 
1

5
 m

in
 t

o
 8

5O
C

 
1.

70
 

1.
05
 

0.
25

 
0.

15
 

0 

aC
o

ak
in

g
 c

o
n

d
it

io
n

s:
 

30
0 

g 
of

 
c

h
ip

s 
(0

.d
. 

b
a

s
is

),
 m

o
is

tu
re

 c
o

n
te

n
ts

 o
f 

h
an

d
cu

t 

b
p

re
e

 a
n

d
/o

r 
co

m
bi

ne
d.

 

C
T

ra
ce

 =
<

 0
.1

 m
g 

of
 

A
Q

/g
 

0
.d

. 
p

u
lp

. 

w
ho

le
w

oo
d 

ch
ip

s:
 

h
ea

rt
w

o
o

d
, 

2
4

.4
%

, 
sa

pw
oo

d 
31
.8
%,
 

20
%

 N
aO

H
, 

0.
1%

 A
Q

, 
L/
W 

=
 

5
:l

. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



EFFECT OF ANTHRAQUINONE 43 

TABLE 4 

Comparison of Soda and Soda-AQ P u l p i n g a  of Douglas  F i r  
Heartwood and Norway S p r u c e  Wholewood 

Soda Cook Soda-AQ Cook 
T o t a l  Kappa T o t a l  Kappa 

Douglas  f i r  51.1 98.6 48.9 58.4 

Norway spruce 54.0 96.9 50.9 44.9 

Material Yie ld ,% No.  Yield, % No. 

hear twood 

who1 ewood 
aCooking c o n d i t i o n s :  300 g (0 .d .  b a s i s )  of commercial 

c h i p s ,  20% NaOH, 0 .1% AQ, L/W = 
5:1, 0.5 h r  t o  and 2.5 h r  a t  
1700. 

number r e d u c t i o n  was c o n s i d e r a b l y  more e x t e n s i v e  o n  ' t h e  
s u r f a c e  of t h e  c h i p s  t h a n  i n  t h e i r  cores. T h i s  f i n d i n g  
w a s  a t t r i b u t e d  t o  t h e  more l imited p e n e t r a t i o n  of t h e  
c h i p s  by AQ as compared t o  sodium h y d r o x i d e ,  and s u g g e s -  
ted t h a t  a more e x t e n s i v e  r e d u c t i o n  of Kappa number 
c o u l d  b e  a c h i e v e d  i f  t h e  AQ were u n i f o r m l y  dispersed 
t h r o u g h o u t  t h e  c h i p  p r i o r  t o  c o o k i n g .  

to  a n t h r a h y d r o q u i n o n e  ( A H Q )  w i t h  g l u c o s e ,  and a n  aque-  
o u s  a l k a l i n e  s o l u t i o n  of AHQ w a s  u s e d  as t h e  impregna-  
t i o n  s y s t e m .  As shown by t h e  da t a  i n  T a b l e  5, t h i s  
p r e - i m p r e g n a t i o n  t r e a t m e n t  was s u c c e s s f u l  t o  t h e  degree 
t h a t  t h e  AHQ was found to have  p e n e t r a t e d  to  t h e  c h i p  
cores. On t h e  o t h e r  hand,  a n  a p p r o x i m a t e l y  1 0 - f o l d  AHQ 

c o n c e n t r a t i o n  g r a d i e n t  w a s  o b s e r v e d  i n  p r o c e e d i n g  from 
c h i p  s u r f a c e  t o  c h i p  c e n t e r .  

To tes t  t h i s  s u p p o s i t i o n ,  t h e  AQ was f i r s t  r e d u c e d  

The e f f e c t  o f  t h e  AHQ p r e - i m p r e g n a t i o n  t r e a t m e n t  
on Kappa number r e d u c t i o n  o v e r  a r a n g e  of AHQ c o n t e n t s  
is  compared t o  t h a t  r e s u l t i n g  f rom s t a n d a r d  soda-AQ 
c o o k i n g  i n  F i g .  2. The p u l p  y i e l d s  c o r r e s p o n d i n g  to  
t h e  Kappa number data  v a r i e d  i r r e g u l a r l y  w i t h  t h e  i m -  
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T a b l e  5 

D i r e c t i o n  of Handcut  Norway S p r u c e  Chips  Dur ing  
P r e - i m p r e g n a t i o n  T r e a t m e n t s a  

P e n e t r a t i o n ,  mm % AQ (AHQ)  on C h i p s  

0 .6  0.69 
0.6-1.2 0 .31  
1.2-2.4 0.09 
2.4-4.0 0.06 
4.0-5.8 0.06 
5.8-8.0 0 .06  

aHandcut  b l o c k s  ( 1 0  rn t h i c k ,  25 mm wide and of var- 
i a b l e  l e n g t h )  were e v a c u a t e d  t h e n  s o a k e d  i n  a 13.3 
g/1 NaOH s o l u t i o n  of 14C-AHQ ( 0 . 6 %  on 0.d. w e i g h t  
of c h i p s )  u n d e r  n i t r o g e n  for 5 days: L/W = 5 : l :  
14C-AQ (AHQ) up take :  0.11% based on 0.d. wood or 
18% of a p p l i e d .  

The P e n e t r a t i o n  of 14C-Label led AHQ i n  t h e  L o n g i t u d i n a l  

I I I I 
o aoi 0.m 0. I a is a2 a a  

m, %ON QPWOOD 

F i g u r e  2. The e f f e c t  o f  AHQ d o s a g e  o n  Kappa number i n  t h e  
soda-AHQ pulping of Norway spruce. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1
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pregnation of increasing amounts of AHQ, but the ave- 
rage of all the cooks was essentially the same as the 
average yield for the soda-AQ cooks (see Table 6). As 
a comparison of the plots in Fig. 2 indicates, a signif- 
icant portion of the Kappa number reduction resulting 
from the AHQ pre-impregnation treatment can be credited 
to the effect of the AHQ over and above that contrib- 
uted by the alkali alone. Data in Table 6 further 
reveal that an alkali pre-soak followed by the addition 
of AHQ to the cook was far less successful in mediating 
a Kappa number reduction without sacrifice of pulp 
yield than when the AHQ was introduced into the wood 
prior to pulping. 
larly observed that replacement of AQ by AHQ provided 
no advantage with respect to Kappa number reduction in 
the pulping of Pinus radiata. 

wood pre-impregnated with AHQ are listed in Table 7. 

These data indicate a modest over-all gain in strength 
for the pulps prepared from the wood pre-impregnated 
with AHQ compared to pulps prepared by conventional 
soda-AQ pulping under equivalent conditions. This 
effect can be rationalized largely on the basis of 
Kappa number differences, the Kappa numbers of the 
pulps from the AHQ pre-impregnated chips being 30-50% 
lower than those of comparable conventional soda-AQ 

Although the involvement of AHQ as the species 

In this connection, Fullerton9 simi- 

The strength properties of pulps prepared from 

pulps. 

actually responsible for promoting delignification in 
soda-AQ pulping is now generally accepted, the present 
investigation has demonstrated that further refinements 
in the mode of application of this chemical are requir- 
ed in order to exploit its benefits to the fullest de- 
gree. In seeking to explain the reason for the benefi- 
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cia1 effect of t h e  AHQ pre-soak  on d e l i g n i f i c a t i o n  d u r -  
i n g  t h e  e n s u i n g  p u l p i n g  t r e a t m e n t ,  t h e  p o s s i b i l i t y  t h a t  
a c h e m i c a l  r e a c t i o n  between t h e  AHQ and  wood o c c u r r e d  
d u r i n g  t h e  p r o l o n g e d  p r e - i m p r e g n a t i o n  t r e a t m e n t  w a s  
t e s t e d  for  by p e r f o r m i n g  t h e  pre-soak  a t  b o t h  h i g h e r  
(50oC) and lower (4oC) t e m p e r a t u r e s .  However, t h i s  
e x p l a n a t i o n  was s u b s e q u e n t l y  rejected when i t  was deter- 
mined t h a t  t h e  Kappa numbers and y i e l d s  of t h e  p u l p s  
c o r r e s p o n d i n g  t o  t h e s e  p r e - s o a k  c o n d i t i o n s  were i d e n t i -  
cal t o  t h o s e  found when t h e  pre-soak  was per formed a t  
a m b i e n t  t e m p e r a t u r e s .  

A l t e r n a t i v e l y ,  an  AHQ pre-soak may d i s p e r s e  t h e  
c h e m i c a l  t h r o u g h o u t  t h e  c h i p s  and  make it a v a i l a b l e  for  
u s e  p r i o r  t o  t h e  i n i t a t i o n  of d e l i g n i f  i c a t i o n  r e a c t i o n s .  
I n  c o n v e n t i o n a l  soda-AQ p u l p i n g ,  t h e  AQ or AHQ f i r s t  
h a s  t o  p e n e t r a t e  t h e  c h i p  s t r u c t u r e  b e f o r e  it c a n  p e r -  
form its role as "catalyst ." I n  t h i s  l a t t e r  s i t u a t i o n ,  
t h e  p o s s i b i l i t y  ex i s t s  t h a t  some of t h e  AQ ( A H Q )  may 
n o t  p e n e t r a t e  t o  reactive l i g n i n  sites p r i o r  t o  becom- 
i n g  " i n a c t i v a t e d "  t h r o u g h  reactions w i t h  s o l u b i l i z e d  
wood components  p r e s e n t  i n  t h e  p u l p i n g  l i q u o r .  Thus,  
t h e  l a t t e r  p r o c e s s  a p p e a r s  t o  be i n h e r e n t l y  less 
e f f i c i e n t  t h a n  i n  t h e  s i t u a t i o n  where  t h e  AQ ( A H Q )  is 
i n  close p r o x i m i t y  t o  t h e  r e a c t i o n  site. T h i s  s u p p o s i -  
t i o n  is c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n  t h a t ,  i n  t h e  
case of t h e  cook p r e c e d e d  by a n  AHQ pre-soak  o f  t h e  
wood, a smaller a p p l i c a t i o n  of AHQ provided greater 
b e n e f i t s  i n  terms of  Kappa number r e d u c t i o n  t h a n  a 
l a r g e r  amount o f  AQ s u p p l i e d  t o  t h e  wood e x t e r n a l l y  as 
i n  a c o n v e n t i o n a l  soda-AQ cook.  

D i s t r i b u t i o n  of F r e e  and Combined AQ i n  t h e  P u l p  and 
P u l p i n g  L i q u o r  i n  t h e  Soda-AQ P u l p i n g  o f  Norway S p r u c e  

A s  o r i g i n a l l y  p l a n n e d ,  t h e  s t u d y  was t o  i n c l u d e  a 
d e t e r m i n a t i o n  o f  t h e  e x t e n t  of r e a c t i o n  of  AQ w i t h  wood 
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EFFECT OF ANTHRAQUINONE 4 9  

c o n s t i t u e n t s  as a f u n c t i o n  o f  t h e  d e p t h  of AQ p e n e t r a -  
t i o n .  T h i s  w a s  t o  be a c c o m p l i s h e d  by s o l v e n t - e x t r a c t -  
i n g  microtome sections o f  c h i p s  p u l p e d  i n  t h e  p r e s e n c e  
of 14C-labelled AQ and s u b s e q u e n t l y  m e a s u r i n g  t h e  free 
( i  .e. , uncombined)  AQ by HPLC and t h e  t o t a l  of free and  
combined AQ c o n t e n t s  of t h e  wood s e c t i o n s  by r a d i o l a b e l  
measurement  f o l l o w i n g  c o m b u s t i o n  t o  C02. However, t h e  
l i m i t e d  p e n e t r a t i o n  of t h e  c h i p s  by AQ u n d e r  c o n d i t i o n s  
where t h e y  were s t i l l  r i g i d  enough t o  b e  microtomed 
n e g a t e d  t h i s  approach .  A s  an  a l t e r n a t i v e ,  t h e  p r o p o r -  
t i o n s  o f  f r e e  and combined AQ i n  t h e  whole c h i p s  and i n  
t h e  c o o k i n g  l i q u o r s  were determined f o r  b o t h  a b b r e -  
v i a t e d  and normal l e n g t h  cooks .  

f r e e  AQ i n  t h e  p u l p  decreases e s s e n t i a l l y  l i n e a r l y  over 
t h e  e n t i r e  p u l p i n g  period i r r e s p e c t i v e  of d i f f e r e n c e s  
i n  t h e  i n i t i a l  rate of h e a t i n g .  Fleming e t  a1 ( 2 )  s i m i -  
l a r l y  o b s e r v e d  a p r o g r e s s i v e  decrease i n  t h e  amount o f  
AQ c o n t a i n e d  i n  t h e  c h l o r o f o r m  extract  o f  t h e  p u l p e d  
c h i p s  i n  t h e  l a t e r  s t a g e s  o f  t h e  cook.  A s  i n d i c a t e d  b y  
t h e  p l o t  i n  F i g .  3, less t h a n  1 0 %  of t h e  i n i t i a l  c h a r g e  
of AQ i s  f r e e  a t  t h e  end o f  t h e  cook.  T h i s  v a l u e  
a g r e e s  w e l l  w i t h  r e s u l t s  r e p o r t e d  by Fleming e t  a1 ( 2 1 ,  
b u t  is a b o u t  h a l f  t h a t  r e p o r t e d  b y  Algar e t  a1 ( 1 4 )  f o r  
a cook employing  twice as much AQ ( i . e . ,  0 . 2 % ) .  

p r e - i m p r e g n a t i o n  prompted a n  e x a m i n a t i o n  of c h i p s  fo l -  
lowing  p u l p i n g  t o  d e t e r m i n e  t h e  effect  of s u c h  a p r e -  
t r e a t m e n t  on t h e  p r o p o r t i o n s  of f r e e  and combined AQ. 

A s  e v i d e n c e d  by t h e  lower p l o t  i n  F i g .  3 ,  t h e  p r e -  
i m p r e g n a t i o n  of  AHQ had t h e  i n i t i a l  e f f e c t  of r e d u c i n g  
t h e  p e r c e n t a g e  o f  f r e e  AQ t o  a p p r o x i m a t e l y  23%,  com- 
p a r e d  t o  t h e  8 7 %  o b s e r v e d  when AQ was added t o  t h e  cook-  
i n g  l i q u o r  i n  t h e  c o n v e n t i o n a l  manner.  However, a t  t h e  

A s  shown by t h e  p lo t  i n  F i g .  3 ,  t h e  p r o p o r t i o n  of 

The p r e v i o u s l y - d e s c r i b e d  e f f e c t s  p r o d u c e d  by AHQ 
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F i g u r e  3. E f f e c t  of cook ing  t i m e  on t h e  p r o p o r t i o n  of 
uncombined AQ i n  t h e  p u l p  i n  the soda AQ p u l p i n g  
of Norway s p r u c e .  Cooking c o n d i t i o n s :  300g (0.d. 
b a s i s )  of c h i p s  ( o r i g i n a l  or p r e - i m p r e g n a t e d ) ,  
0.1% AQ, 20% NaOH, L/W = 4 : l ;  P re - impregna t ion  
c o n d i t i o n s :  3009 t0.d. basis)  of c h i p s ,  0.6% AQ, 
3.09 of g l u c o s e ,  20g NaOH/l.S, 5 d a y s ,  room temp- 
e r a t u r e .  
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EFFECT OF ANTHRAQUINONE 51 

c o n c l u s i o n  o f  t h e  cook,  t h e  f r a c t i o n  o f  f r e e  AQ was t h e  
same i n  b o t h  cases. The r e s u l t  o b t a i n e d  when t h e  c h i p s  
were e r e - i m p r e g n a t e d  w i t h  AHQ and s u b j e c t e d  t o  a s h o r t  
cook was n o t  d u p l i c a t e d  when t h e  AHQ was e x t e r n a l  t o  
t h e  c h i p s  a t  t h e  o u t s e t  of c o o k i n g .  

The v a r i a t i o n  i n  t h e  p r o p o r t i o n  of f r e e  AQ i n  t h e  
p u l p i n g  l i q u o r  o v e r  t h e  c o u r s e  o f  t h e  cook is shown i n  
F i g .  4 .  The p r o f i l e  o f  t h i s  p l o t  is  similar t o  t h a t  
found for  t h e  c o r r e s p o n d i n g  p u l p  ( F i g .  3 )  i n  t h a t  t h e  
p e r c e n t a g e  o f  f r e e  AQ decreased u n i f o r m l y  t h r o u g h o u t  
t h e  greater part of t h e  cook. A similar t r e n d  w a s  ob- 

s e r v e d  by Fleming e t  a1 ( 2 )  for  t o t a l  ( f r e e  + combined)  
AQ and by A l g a r  e t  a1 (14) for  free AQ a l o n e  i n  t h e  
case of p u l p i n g  l i q u o r s  c o r r e s p o n d i n g  t o  t h e  i n t e r m e -  
d i a t e  and l a t e  s t a g e s  of soda-AQ p u l p i n g .  The a p p a r e n t  
i n i t i a l  decrease i n  f r e e  AQ i n  t h e  l i q u o r  e v i d e n c e d  by 
t h e  p l o t  i n  F i g .  4 s u g g e s t s  t h e  p o s s i b i l i t y  t h a t  AQ 

(most l i k e l y  i n  t h e  r e d u c e d  form) had reacted w i t h  a 
component o f  t h e  wood a t  or  near t h e  c h i p  s u r f a c e ,  
forming  s t r u c t u r e s  which soon t h e r e a f t e r  were released 
t o  t h e  c o o k i n g  l i q u o r  i n  t h e  form of low-molecular  
w e i g h t  l i g n i n -  and/or  carbohydra te -AQ d e r i v a t i v e s .  

i n  t h e  cook i n  which t h e  c h i p s  were pre-soaked  w i t h  AHQ 

was e s s e n t i a l l y  t h e  same as  when AQ was added t o  t h e  
wood i n  t h e  c o n v e n t i o n a l  way. T h i s  f i n d i n g  i s  i n  con-  
t ras t  t o  t h e  e f f e c t  p r o d u c e d  i n  t h e  p u l p  where  t h e  
amount o f  f r e e  AQ w a s  d i s t i n c t l y  lower u n d e r  t h e  same 
c o n d i t i o n s .  T h i s  i s  n o t  u n e x p e c t e d  i n  view of t h e  d i f -  
f e r e n c e  i n  t h e  a v a i l a b i l i t y  of t h e  wood components  t o  
t h e  AQ ( A H Q )  i n  e a c h  s i t u a t i o n .  

I n t e r p r e t a t i o n  o f  t h e  Changes i n  AQ D i s t r i b u t i o n  

The p r o p o r t i o n  o f  free AQ i n  t h e  l i q u o r  g e n e r a t e d  

Based on t h e  f o r e g o i n g ,  t h e  f o l l o w i n g  s e q u e n c e s  
c a n  b e  v i s u a l i z e d  as c h a r a c t e r i z i n g  t h e  o v e r a l l  be- 
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Figure 4 .  Effect of cooking t i m e  on t h e  proport ion  of uncom- 
bined AQ i n  t h e  l i q u o r  i n  t h e  soda-AQ pulp ing  of 
Norway spruce .  
Cooking and pre-impregnation c o n d i t i o n s :  
see c a p t i o n  for Figure  3 .  
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EFFECT OF ANTHRAQUINONE 53 

havior of AQ in soda-AQ cooking: prior to and during 
the initial heating period, a sizeable portion of the 
AQ is deposited on or very near the chip surfaces. 
With continued heating, the AQ is reduced by the carbo- 
hydrate (e.g. 1 2 - 1 4 )  and ligninl3 components to anthra- 
hydroquinone which is soluble in alkali and diffuses 
from the chip surfaces into the pulping liquor. Even 
at this early stage of the cook there is evidence indi- 
cating that as much as 15-30% of the AHQ or  possibly 
its reduction product, anthronels, is chemically com- 
bined with carbohydrate and/or lignin fragments, both 
in the chips and in the free-circulating cooking 
liquor. 

In the 90-12OOC temperature range, a significant 
fraction of the AQ (AHQ) penetrates the chips to a 
greater depth than initially, probably as a result of 
the AQ being present in an alkali-soluble form (i.e., 
as AHQ) and as a result of the chip structure having 
been broken down sufficiently to permit greater access 
to the AHQ. The amount of free and combined AQ ( A H Q )  

in the pulp continues to increase with further heating 
up to a maximum and thereafter steadily decreases 
throughout the remainder of the cook. This latter 
trend probably is indicative of further chip disintegra- 
tion in combination with the fragmentation of AHQ- or 
anthrone-containing lignin and carbohydrate material to 
dimensions sufficiently small to diffuse out of the 
chip into the free-circulating liquor. The AQ ( A H Q )  

content in both the solid (i.e., chip) and liquor 
phases decreases almost linearly with cooking time in 
this stage of the cook and at nearly the same rate 
until consumption is almost complete. 

SUMMARY 

The results of the investigation reported herein 
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54 FALK ET AL. 

have se rved  to  re-emphasize t h e  impor tance  of  AQ be ing  
i n  i t s  reduced ( A H Q )  form as a p r e r e q u i s i t e  f o r  exert- 
i n g  a b e n e f i c i a l  e f f e c t  on d e l i g n i f i c a t i o n .  I t  w a s  
f u r t h e r  shown t h a t  t h e  b e n e f i t s  o f  AQ with  r e s p e c t  t o  
Kappa number r e d u c t i o n  a t  a g i v e n  y i e l d  can  be  enhanced 
i f  a p r a c t i c a l  way o f  p r e - p e n e t r a t i n g  t h e  c h i p s  w i t h  
AHQ p r i o r  t o  pu lp ing  cou ld  be found. There is, more- 
ove r ,  a l i k e l i h o o d  t h a t  f u r t h e r  gains i n  Kappa number 
r educ t ion  can be achieved  through r e f inemen t  of t h e  
pre-soaking and pu lp ing  p rocedures  used i n  t h e  p r e s e n t  
s tudy .  

EXPERIMENTAL 

Materials 

Norway s p r u c e  c h i p s  (48.6% s o l i d s )  were p repa red  
in-house us ing  a 12-kni fe  Car thage  Chipper .  Coastal  
Douglas f i r  c h i p s  and wood discs used f o r  t h e  p r e p a r a -  
t i o n  o f  handcut  c h i p s  and b locks  were s u p p l i e d  by t h e  
Crown Ze l l e rbach  Company. The sol ids  c o n t e n t s  o f  t h e  
sapwood and heartwood handcut  c h i p s  were 68.2% and 
75.6%, r e s p e c t i v e l y .  The handcut  c h i p s  had an  a v e r a g e  
t h i c k n e s s  of 3 mm ( 2 - 5  mm r a n g e ) ,  were 25 mm wide and 
of  v a r i a b l e  l e n g t h .  Handcut b locks  were 1 0  nun t h i c k .  
Materials were s t o r e d  a t  40C under  a ch loroform 
atmosphere. 

v ious ly l .  The u n l a b e l l e d  AQ w a s  o f  r e a g e n t  g r a d e  q u a l -  
i t y  which i n  some cases had been p r e v i o u s l y  r e c r y s t a l -  
l i z e d  from e i t h e r  ch loroform or e t h a n o l .  V i s u a l l y ,  t h e  
l a b e l l e d  and u n l a b e l l e d  materials appeared  t o  be o f  
n e a r l y  i d e n t i c a l  p a r t i c l e  s i z e .  

14C-Labelled AQ w a s  p repa red  as d e s c r i b e d  p r e -  

P re t r ea tmen t  o f  Norway Spruce Chips i n  an  Aqueous 
A l k a l i n e  S o l u t i o n  of  Anthrahydroquinone ( A H Q )  

S ix  g of sodium hydroxide  was d i s s o l v e d  i n  1 4 0 0  m l  
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EFFECT OF ANTHRAQUINONE 55 

o f  d i s t i l l e d  water and h e a t e d  t o  8OOC u n d e r  n i t r o g e n .  
S i x  times t h e  r e q u i r e d  amount o f  AQ (0 .2 -1 .8  g )  on 0.d. 
wood b a s i s  w a s  dispersed i n  1 0 0  m l  of a n  a q u e o u s  30 g/1 
s o l u t i o n  of glucose and added t o  t h e  sodium h y d r o x i d e  
s o l u t i o n .  A f t e r  4 5  m i n u t e s  t h e  h o t  reaction m i x t u r e  
was added u n d e r  vacuum t o  300 g (0.d.  b a s i s )  of Norway 
s p r u c e  c h i p s  which had been  p r e - e v a c u a t e d  f o r  o n e  h o u r  
w i t h  a vacuum pump. Soaking  w a s  c o n t i n u e d  u n d e r  n i t r o -  
g e n  f o r  f i v e  d a y s  a t  room t e m p e r a t u r e  e x c e p t  fo r  t w o  
e x p e r i m e n t s  where  pre-soak  t e m p e r a t u r e s  o f  4 and 50OC 

were used .  I n  c o n t r o l  e x p e r i m e n t s ,  t h e  p r e - s o a k  l i q u o r  
c o n s i s t e d  o f  a h o t  aqueous  sodium h y d r o x i d e  s o l u t i o n  of 
g l u c o s e  w i t h  AQ being added i n  t h e  p u l p i n g  stage. 

A f t e r  s o a k i n g ,  t h e  c h i p s  or b l o c k s  were d r a i n e d ,  
r i n s e d  w i t h  water, air-dried o v e r n i g h t ,  t h o r o u g h l y  
washed a g a i n  t o  remove r e s i d u a l  a l k a l i ,  and re-dried. 
The AQ ( A H Q )  d i s t r i b u t i o n  i n  t h e  s o a k e d  c h i p s  w a s  
measured  i n  a parallel  e x p e r i m e n t  u s i n g  a n  a q u e o u s  a l k a -  

l i n e  s o l u t i o n  Of 14C-AHQ as t h e  p r e - s o a k  l i q u o r  (see 
s e c t i o n  on P e n e t r a t i o n  E x p e r i m e n t s ) .  

P e n e t r a t i o n  Exper iments  

P u l p e d  or pre-soaked  h a n d c u t  c h i p s  or b l o c k s  were 
microtomed a l o n g  t h e  f iber  a x e s  i n t o  20 or 4 0  urn  s l ices  
u s i n g  a n  American O p t i c a l  CO. M o d e l  860  microtome. TWO 

mm of wood was removed f rom e a c h  r ad ia l  and  t a n g e n t i a l  
f a c e  of  t h e  h a n d c u t  b l a c k s  b e f o r e  micro toming.  The 
sl ices were combined i n t o  f ract ions r e p r e s e n t i n g  0 . 2  to 
0 . 6  mm increments  o f  c u t  d e p t h  and air-dried p r i o r  t o  
f u r t h e r  t r e a t m e n t .  

A l t e r n a t i v e l y ,  for c h i p s  too s o f t  t o  microtome, 
t h e  d i g e s t e d  wood was s e c t i o n e d  w i t h  a r a z o r  b l a d e .  
Slices were removed from a l l  f a c e s  o f  t h e  c h i p ,  0 . 5  mm 
t h i c k  from t h e  r ad ia l  and t a n g e n t i a l  s u r f a c e s ,  2 mm 
from t h e  c r o s s - s e c t i o n  s u r f a c e .  The s e c t i o n i n g  p r o c e s s  
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56 FALX ET AL. 

w a s  performed twice on each  of  25 handcut  c h i p s  and 
materials o f  e q u i v a l e n t  c h i p  p e n e t r a t i o n  d i s t a n c e  were 
combined, y i e l d i n g  t h e  f r a c t i o n s  d e s i g n a t e d  " o u t e r "  and 
" i n n e r "  zones. The remaining p o r t i o n s  o f  t h e  c h i p s  
c o n s t i t u t e d  t h e  "core"  f r a c t i o n .  

Extraction of Liquors  and Pulps  

P r i o r  t o  e x t r a c t i o n ,  each  l i quor  was tho rough ly  
aerated to  o x i d i z e  any AHQ p r e s e n t  t o  AQ and t r e a t e d  
w i t h  sodium hydroxide  to  l e s s e n  e m u l s i f i c a t i o n .  A 

25-ml sample o f  s p e n t  l i q u o r  was e x t r a c t e d  w i t h  3 x 25 
m l  of chloroform.  The combined e x t r a c t s  were concen t r a -  
t e d  a t  40% i n  a r o t a r y  e v a p o r a t o r  to  a f i n a l  volume of  
25 m l .  Two or t h r e e  m l  o f  t h e  c o n c e n t r a t e  were evapora-  
t e d  t o  d ryness  w h i l e  be ing  hea ted  under  a stream of  
n i t rogen .  For l i q u i d  s c i n t i l l a t i o n  coun t ing ,  t h e  dried 
sample was r e c o n s t i t u t e d  d i r e c t l y  w i t h  s c i n t i l l a t i o n  
c o c k t a i l ;  f o r  l i q u i d  chromotoqraphy, t h e  sample w a s  
dissolved i n  a c e t o n i t r i l e .  Pulps  were e x t r a c t e d  w i t h  
acetoni t r i le  fo l lowing  t h e  procedure  d e s c r i b e d  by 
Armentroutl6. 

L iqu id  S c i n t i l l a t i o n  Count ing  

l i q u o r  samples  were performed u s i n g  methods d e s c r i b e d  
p r e v i o u s l y l .  
weighed, and mixed d i r e c t l y  wi th  s c i n t i l l a t i o n  c o c k t a i l  
f o r  count ing .  Small amounts of water were added t o  
l i q u o r  samples  t o  a i d  g e l  fo rma t ion  i n  t h e  c o c k t a i l .  

uo r s  o r  0.25 g samples of a i r - d r i e d  p u l p s  were combus- 
ted i n  a packard Ins t rumen t s  Model 0306 sample o x i d i z e r  
i n  p r e p a r a t i o n  f o r  r a d i o l a b e l  coun t ing .  The carbon 
d i o x i d e  abso rben t  w a s  N a t i o n a l  D i a g n o s t i c s  Carbamate 
and t h e  s c i n t i l l a t i o n  s o l u t i o n  was Na t iona l  D i a g n o s t i c s  
Oxosol 306. 

Most measurm'ents  of r a d i o a c t i v i t y  i n  pu lp  and 

Air -dr ied  microtome slices were c r u s h e d ,  

I n  certain cases, 2-ml samples  o f  t h e  s p e n t  l iq-  

14C-Labelled AQ r a d i o a c t i v i t y  s t a n d a r d s ,  
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i n  t h e  so l id  form or as d i o x a n e  s o l u t i o n s ,  were pre- 
p a r e d  and  u s e d  f o r  d e t e r m i n i n g  t h e  s p e c i f i c  a c t i v i t y  
r e c o v e r e d  by t h e  sample  o x i d i z e r .  The s c i n t i l l a t i o n  
c o u n t i n g  e f f i c i e n c y  w a s  calculated u s i n g  t h e  c h a n n e l  
ra t io  method,  a quench c u r v e  was g e n e r a t e d  b y  r e p e a t e d  
c o u n t i n g  o f  a v i a l  c o n t a i n i n g  14C- to luene  q u e n c h e d  by 
s u c c e s s i v e  a d d i t i o n s  of e i t h e r  carbamate or n i t r o -  
methane.  

High P e r f o r m a n c e  L i q u i d  C h r o m a t o g r a p h i c  D e t e r m i n a t i o n  
of AQ 

L i q u i d  chromatography p r o c e d u r e s  for d e t e r m i n i n g  
The  i n s t r u -  AQ were b a s e d  on p u b l i s h e d  methodsl6-18.  

m e n t a t i o n  c o n s i s t e d  o f  a Waters Model ALC 202 l i q u i d  
c h r o m a t o g r a p h  e q u i p p e d  w i t h  a 254 nm detector, a 6000 
p s i  pump, and a Valco 6 - p o r t  i n j e c t i o n  v a l v e .  

r e s i d u e  or AQ s t a n d a r d s  were f i l tered t h r o u g h  a 0.45 urn 
Nylon 66 U l t i p o r e  f i l t e r  p r i o r  t o  i n j e c t i o n .  The 
mobile p h a s e  was 1 0 %  (v/v) water i n  m e t h a n o l .  The col- 
umn s y s t e m  c o n s i s t e d  of an  A l l t e c h  s t a n d a r d  g u a r d  
column packed  w i t h  P e r i s o r b  Rp-18 followed by a 30 an x 
4.6 mm ( i . d . 1  s t a i n l e s s  s tee l  column packed  w i t h  L i c h r o -  
sorb Rp-18 (5um).  R e t e n t i o n  t i m e  w a s  a b o u t  9 min. 

A c e t o n i t r i l e  or d i o x a n e  s o l u t i o n s  o f  t h e  e x t r a c t  

Sodium A n a l y s i s  

Microtomed sl ices of t h e  c h i p s  were d i g e s t e d  w i t h  
a m i x t u r e  o f  n i t r i c  and p e r c h l o r i c  acids  and  t h e  r e s u l t -  
i n g  s o l u t i o n s  a n a l y z e d  b y  flame e m i s s i o n  w i t h  a P e r k i n -  
E l m e r  Model 360 atomic a b s o r p t i o n  s p e c t r o p h o t o m e t e r .  A 

c a l i b r a t i o n  c u r v e  was g e n e r a t e d  by d i l u t i n g  F i s h e r  
S c i e n t i f i c  atomic a b s o r p t i o n  sodium s t a n d a r d  s o l u t i o n  
as r e q u i r e d .  

P u l p  T e s t i n g  

P u l p  s a m p l e s  were b e a t e n  i n  a PFI m i l l  a t  a 0 .15  
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nun clearance. Handsheets  were p repa red  and t e s t e d  as 
p r e s c r i b e d  i n  t h e  a p p r o p r i a t e  TAPPI s t a n d a r d s .  I n  some 
instances,  t h e  Kappa number d e t e r m i n a t i o n  was modi f ied  
as fo l lows  i n  order t o  accommodate t h e  small amounts of 
pu lp  sample a v a i l a b l e  f o r  t h e  test: F i f t y  or 25 m l  of 
0.1N potass ium permanganate s o l u t i o n  w a s  applied to  
t h e  p u l p  samples; t h e  remain ing  r e a g e n t  volumes were 
a d j u s t e d  p r o p o r t i o n a t e l y  t o  account  fo r  t h e  d i f f e r e n t  
i n i t i a l  volumes. C a l c u l a t i o n s  were performed as p res -  
c r i b e d  i n  TAPPI standard T236 0s-76 e x c e p t  i n  de te rmin-  
i n g  t h e  c o r r e c t i o n  f a c t o r .  The a c t u a l  permanganate 
consumption, "p", was m u l t i p l i e d  by 2 or 4 ,  r e s p e c t i v e -  
l y ,  and t h i s  f i g u r e  used t o  f i n d  " f " ,  b u t  no t  i n  t h e  
a c t u a l  Kappa number c a l c u l a t i o n .  
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