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THE POTENTIAL OF 13C CP/MAS NMR IN THE STUDY OF 
K W T  PULPING KINETICS 

J.M. Willis, N.R. Jagannathan and F.G. Herr ing  
Department of Chemistry 

U n i v e r s i t y  of B r i t i s h  Columbia 
Vancouver, B r i t i s h  Columbia, Canada V6T 1Y6 

ABSTRACT 

Sol id  state l 3 C  CPfMAS nuc lea r  magnetic resonance  s p e c t r a  
were ob ta ined  f o r  unbleached k r a f t  pu lps  prepared  from white 
sp ruce  with y i e l d s  ranging from 47.6 t o  96.1%. The observed 
t r e n d s  of t he  r e l a t i v e  peak i n t e n s i t i e s  were found t o  correspond 
t o  e s t a b l i s h e d  f a c t s  on k r a f t  k i n e t i c s .  These r e s u l t s  sugges t  
t h a t  1 3 C  CPfMAS NMR of wood and p u l p  could  be used t o  s tudy  
k i n e t i c s  i n  s i t u .  

INTRODUCTION 

The k i n e t i c s  of t h e  deg rada t ion  of wood components dur ing  

a l k a l i n e  pulp ing  has been the  s u b j e c t  of numerous s t u d i e s  involv-  

ing d i f f e r e n t  t h e o r e t i c a l  and many a n a l y t i c a l  tech- 

n i q u e ~ ’ - ~ ~ .  The a n a l y s i s  o f t e n  invo lves  t h e  i s o l a t i o n  of l i g n i n  

from pulp o r  cooking l i q u o r .  Such i s o l a t e d  lignin may not be 

r e p r e s e n t a t i v e  of t h e  r e s i d u a l  l i g n i n  i n  t h e  pu lp  a t  va r ious  

s t a g e s  of  d e l i g n i f  i c a t i o n  27 ’ 28. Recent ly  , s e v e r a l  s t u d i e s  have 

i l l u s t r a t e d  t h a t  l 3  C CP/HAS (cross-polarization/magic ang le  sp in-  
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250 WILLIS, JAGANNATHAN, AND HERRING 

n i n g )  NMR a l lows  the  components of wood, pulp and p l a n t s  t o  be 

s t u d i e d  in s i t u  29-37. This would t h e r e f o r e  c i rcumvent  the depen- 

dence  of  t h e  r e s u l t s  on t h e  i s o l a t i o n  procedure .  R e s u l t s  

o b t a i n e d  us ing  s o l i d  s ta te  NMR may t h u s  a l l o w  k i n e t i c s  of pu lp ing  

t o  be probed more deeply ,  by comparing r e a c t i o n  r a t e s  in l o c a l -  

i z e d  a r e a s  of t he  polymers of wood. To t h e  b e s t  of o u r  knovl- 

edge ,  t h i s  is t h e  f i r s t  a p p l i c a t i o n  of CP/MAS NMR t o  t h e  s t u d y  of 

pu lp ing  k i n e t i c s .  

EXPERIMENTAL 

Pulp  Sample P r e p a r a t i o n  

S i x  unbleached k r a f t  pu lps  were p repa red  from a i r  d r i e d  

w h i t e  s p r u c e  ( P i c e a  Glauca) c h i p s .  These p u l p s ,  o f  47.6 t o  96.1% 

y i e l d ,  were produced by coaking 50 g oven d r y  weight  c h i p s  i n  

225 mL of l i q u o r  having an e f f e c t i v e  a l k a l i  c o n t e n t  of 16%. The 

t empera tu re  of t h e  d i g e s t e r  was r a i s e d  from 25°C t o  170°C over  a 

p e r i o d  of 134 min. w r i n g  t h i s  p e r i o d ,  f o u r  samples were removed 

from the d i g e s t e r  a t  d i f f e r e n t  t i m e s .  With t h e  cooking tempera- 

t u r e  h e l d  a t  170"C, two more samples were removed, a t  1 5  min  and 

9 0  m i n .  The cooking c o n d i t i o n s  and co r re spond ing  H f a c t o r s 8  a r e  

g i v e n  i n  Table 1. 

A f t e r  cooking ,  t h e  c h i p s  and pu lps  were washed wi th  

d i s t i l l e d  water  t o  remove spen t  cooking l i q u o r .  For t h e  h igh  

y i e l d  cooks ,  up t o  two weeks of l e a c h i n g  were r e q u i r e d .  Klason 

lignin c o n t e n t s  were determined and h o l o c e l l u l o s e  c o n t e n t s  then  
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TABLE 1 

251 

Cooking Cond i t ions  and Some P r o p e r t i e s  of t h e  
Wood and Pulp  Samples 

~~ ~ 

T o t a l  Cooking 
Sample Time H F a c t o r  Pulp Yie ld  TAtgnina Carbohydra teb  

I/ (min)  (XI ( 4 )  

1= 0 - 100 28.7 71.3 
2 50 - 96.1 27.4 68.7 
3 95 3 81.9 24.6 57.3 
4 115 32 75.8 20.8 55.0 
5 130 137 68.4 15.9 52.5 
6 147 392 58.2 8.9 49.3 
7 224 1549 47.6 1 .a 45.8 

a - Klason Ligni.11, does no t  i n c l u d e  W s o l u b l e  l lgnln, based on 

b - k l l o c e l l u l o s e  c o n t e n t  de te rmined  by d i f f e r e n c e ,  based on 

c - White sp ruce  wood sample. 

oven d ry  wood. 

oven d r y  wood. 

o b t a i n e d  by d i f f e r e n c e .  These v a l u e s  are a l s o  g i v e n  in Table 1. 

In p r e p a r a t i o n  f o r  t h e  NMR measurements ,  t h e  p u l p s  were a i r  d r i e d  

and ground t o  pas s  40 mesh i n  a Wiley m i l l .  

NMR Measurements 

The expe r imen t s  were performed on a Bruker CXP 200 MHz NMR 

s p e c t r o m e t e r ,  o p e r a t i n g  wi th  resonance  Erequencles  of 200 MHz and 

50.3 MHz f o r  t h e  p ro ton  and carbon-13 n u c l e i ,  r e s p e c t i v e l y .  A 

s i n g l e  c o n t a c t  Hartmann-Hahn c o n d l t l ~ n ~ ~  w a s  e s t a b l i s h e d  through 

sp in- locked  cross p o l a r i z a t i o n ,  us ing  a p p l i e d  p ro ton  and carbon-  

13 r a d i o  f requency  f i e l d s  of 10 G and 40 G, r e s p e c t i v e l y .  The 
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252 WILLIS, JAGANNATHAN, AND HERRING 

c o n t a c t  t i m e ,  5 m s ,  was c a r e f u l l y  determined t o  maximize the 

s i g n a l - t o n o i s e  r a t i o ,  u i t h  a delay t i m e  of 4 s between succes- 

s i v e  sampling pu l ses .  For each sample, a t o t a l  of 15,000 scans 

w a s  accumulated i n  a 1 2  kHz spectrum. Phase a l t e r n a t i o n  was used 

throughout to  e l i m i n a t e  base l ine  and i n t e n s i t y  a r t i f a c t s .  

The magic angle  w a s  adjusted by monitoring the  79Br spectrum 

of potassium bromide, a s m a l l  amount of which was packed i n t o  

t h e b o t t o m  o f  t h e  K O t O K 3 9 *  A K e l - F  s p i n n e r  was used  i n  a l l  

experiments ,  a t  a spinning Kate of 2 . 5  kHz. The chemical s h i f t s  

were measured r e l a t i v e  t o  t e t r ame thy l s i l ane  (TMS), and a l l  

experiments were performed at  room temperature.  

RESULTS 

The NMR spectra obtained EOK spruce wood and the s i x  pulp 

samples are i l l u s t r a t e d  i n  Figure 1. Peak assignments were made 

using v a r i a b l e  con tac t  t i m e  and d i p o l a r  dephasing experiments and 

are i n  agreement with l i t e r a t u r e  va lues  r epor t ed  f o r  l i g n i n  and 

carbohydrates  27,28,40-42 

In gene ra l ,  peak a reas  are more q u a n t i t a t i v e  than peak 

h e i g h t s  i n  r o u t i n e  NMR experiments. However, t h e  degree of con- 

v o l u t i o n  observed for  the spec t r a  and t h e  na tu re  of t he  CP/MAS 

experiment sake t h e  determination and comparison of peak areas 

very d i f f i c u l t  27 ’ 30-32J 3 4 y  4 3 .  Such a n a l y s i s  of t h e  s p e c t r a  would 

in t roduce  l a rge  e r r o r s  i n  the r e s u l t s .  I n  o rde r  t o  minimize such 

e r r o r s ,  r e s u l t s  presented i n  t h i s  paper are based on peak height 
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FIGURE 1. The 

h 

150 100 50 0 PPM 

1 3 C  CP/MAS NMR spectra of white spruce wood and 
k r a f t  pulps of d i f f e r e n t  yields prepared from spruce. 
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254 WILLIS, JAGANNATHAN, AND HERRING 

OH 

1 

measurements. A s t r a i a h t  b a s e l i n e  was drawn on a l l  s p e c t r a  

beEore de t e rmin ing  t h e  h e i g h t s  ( t aken  p r o p o r t i o n a l  t o  t h e  in t en -  

s i t i e s )  of t h e  peaks .  To minimize d iEEerences  between spectra 

due t o  s l i g h t  v a r i a t i o n s  in t h e  s p e c t r o m e t r i c  c o n d i t i o n s ,  a l l  

peak  h e i g h t s  were normalized wi th  r e s p e c t  t o  t h e  peak a t  105 ppm, 

t h e  i n t e n s i t y  of uhich remained a lmost  c o n s t a n t  th roughout .  The 

expe r imen ta l  e r r o r  was es t ima ted  t o  be w i t h i n  10%. 

The s e n s i t i v i t y  oE t he  CP/MAS NMR t echn ique  t o  the  d e t e r -  

mina t ion  of l i g n i n  was es t ima ted  from t h e  p l o t  OE t h e  Klason 

l i g n i n  c o n t e n t  of t h e  samples v e r s u s  t h e  normal ized  h e i g h t s  of 

t h e  peak  a t  1 5 0  ppm, which  c o r r e s p o n d s  t o  t h e  C3, C a romat i c  

ca rbons  of l i g n i n  (1). As shown in Figure  2,  t h e  l i n e  had a 

c o r r e l a t i o n  c o e f f i c i e n t  of 99% and a n  i n t e r c e p t  of 5.6% l i g n i n  

based  on oven d r y  wood. This i n d i c a t e s  t h a t  t h e  NMR spec t rum of 

p u l p  having a l i g n i n  c o n t e n t  below 5% w i l l  no t  have measurable 
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0 1 I I I 1 

0 0.2 0.4 0.6 0.8 1.0 

Relat ive  intensity 

FIGURE 2 .  The p l o t  of t he  p e r c e n t  Klason l i g n i n  c o n t e n t  of 

255 

t h e  
pulg samples and wood v e r s u s  t h e  normalized i n t e n s i t y  
o E  t h e  a romat i c  ca rbons  s i g n a l  of l i g n i n  a t  150 ppm 
from t h e  CP/MAS NMR s p e c t r a .  

l i g n i n  resonances ,  under t h e  expe r imen ta l  c o n d i t i o n s  used i n  t h i s  

s tudy . 
The percen tages  of l i g n i n  and ca rbohydra t e  d i s s o l v e d  du r ing  

cooking  were c a l c u l a t e d  from t h e  v a l u e s  of t h e  K l a s o n  l i g n i n  

c o n t e n t  of t h e  pulps and t h e  co r re spond ing  pulp  y i e l d s ,  and a r e  

shown in Figure  3 .  The t r a n s i t i o n  from t h e  i n i t i a l  s t a g e  of 

d e l i g n i f i c a t i o n  (samples 1 and 2 )  t o  b u l k  d e l i g n i f i c a t i o n  

(samples 3-7) can  r e a d i l y  be seen .  The weight pe rcen t  lignin 

v a l u e s  of all t h e  samples were de termined  by t h e  use of t h e  

me thod  d e s c r i b e d  by Henrmingson and Neman3O, us ing  peak h e i g h t s  
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256 WILLIS,  JAGANNATHAN, AND H E R R I N G  
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F I G U R E  3.  The comparison between the  pe rcen t  ca rbohydra t e  and 
pe rcen t  lignin d i s s o l v e d  du r ing  cooking de termined  
chemica l ly  ( 0 )  and those  v a l u e s  d e t e r s i n e d  from t he  
NMR s p e c t r a  (a). 

i n s t e a d  oE areas. These q u a n t i t i e s  were then  normalized wi th  

r e s p e c t  t o  wood and t h e  5% s e n s i t i v i t y  l e v e l  of t h e  technique  

t aken  i n t o  account .  From t h e s e  q u a n t i t i e s ,  t h e  pe rcen tages  of 

d i s s o l v e d  l i g n i n  and carbohydra te  were c a l c u l a t e d  and a l s o  p lo t -  

t e d  i n  F igure  3 .  The po in t  cor responding  t o  s a m p l e  7 dev ia t ed  

from the  l i n e  because i t  was below t h e  s e n s i t i v i t y  of the  NMR 

t echn ique .  

For samples 3 t o  7 ,  t h e  normalized peak h e i g h t s ,  r e l a t i v e  to  

t h e  i n t e n s i t i e s  measured for  t h e  sp ruce  wood sample ,  were p l o t t e d  

a g a i n s t  log H f a c t o r  and are shown i n  F igu res  4 and 5 f o r  bulk 
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FIGURE 4 .  The comparison between t h e  d e c r e a s e  i n  t h e  r e l a t f v e  
i n t e n s i t y  of the  l i g n i n  s i g n a l s  d e t e r s i n e d  by NMK and 
t h e  dec rease  i n  the  r e l a t i v e  Klason l i g n i n  con ten t  of 
t h e  p u l p ,  as a f u n c t i o n  of H f a c t o r .  

d e l i g n i f i c a t i o n  and bulk  ca rbohydra t e  removal,  r e s p e c t i v e l y .  The 

change In t h e  Klason l i g n i n  c o n t e n t  of t h e  pu lps ,  r e l a t i v e  to  the  

Klason l i g n i n  c o n t e n t  of t he  mod, was a l s o  inc luded  i n  F igure  4 .  

S i m i l a r l y ,  the r e l a t i v e  change In t h e  h o l o c e l l u l o s e  con ten t  w a s  

i nc luded  in Figure  5.  In  t h i s  way, t h e  b u l k  d e l i g n i f i c a t i o n  and 

b u l k  ca rbohydra t e  removal determined by chemica l  means could  be 

compared wi th  t h a t  determined by s p e c t r o m e t r i c  (NMR) means. The 

l i n e s  r e p r e s e n t  t h e  l i n e a r  r e g r e s s i o n  a n a l y s i s  of t h e  d a t a .  

Values of t h e  l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  and t h e  s l o p e s  of 

t h e s e  l i n e s  are g iven  i n  Table 2 .  
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FIGURE 5 .  The comparison between t h e  d e c r e a s e  Fn t h e  r e l a t i v e  
i n t e n s i t y  of the ca rbohydra t e  s i g n a l s  determined by 
NMR and t h e  d e c r e a s e  i n  t h e  r e l a t i v e  ca rbohydra t e  
content of t h e  pulps  (determined by d i f f e r e n c e  from 
t h e  Klasoa l i g n i n  v a l u e s ) ,  as a f u n c t i o n  of H f a c t o r .  

TABLE 2 

The Slopes and Cor re l a t ion  C o e f f i c i e n t s  Obtained € o r  the Linear 
P l o t s  of Re la t ive  I n t e n s i t y  Versus Log H Fac to r .  

Cor re l a t ion  
SlopexlOl  C o e f f i c i e n t  (z> 

LIGNIN: 
X U g n i n  3.0 98 

3.2 97 
2.2 99 

c3, c4  
OCH 3 

CARBOHYDRATE : 
X Carbohydrate 0.60 

0.46 
0.67 

‘6 
Acetyl cH3 

C2’ c3, cg 0.21 
97 

96 
99 

98 
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KRAFT PULPING KINETICS 259 

DISCUSSION 

As shown i n  F igure  1, t h e  i n t e n s i t i e s  O E  t h e  peaks c o r r e s -  

ponding t o  l i g n i n ,  a t  150  ppm and 56 ppm, decreased  r a p i d l y  wi th  

t h e  y i e l d  o f  t h e  pul?  as t h e  d e g r a d a t i o n  of  t h e  macromolecular 

network of l i g n i n  progressed .  A t  t h e  same t i m e ,  t h e  i n t e n s i t i e s  

of t h e  peaks cor responding  t o  ca rbohydra t e  macromolecules,  a t  

25 ppm and from 65 ppm t o  105 ppm, decreased  a t  a much slower 

ra te  than  was found f o r  l i g n i n  and a g r e e  w e l l  wi th  known k r a f t  

k i n e t i c s  . 1-26 

A f a i r l y  good c o r r e l a t i o n  was found between t h e  v a l u e s  of 

t h e  d i s s o l v e d  l i g n i n  and ca rbohydra t e  c o n t e n t s  determined chemi- 

c a l l y  and those  determined by t h e  NMR t echn ique .  This is i l l u s -  

t r a t e d  i n  F igure  3 .  It is p o s s i b l e  t o  claim, t h e r e f o r e ,  t h a t  the  

NMR t echnique  is a r e l i a b l e  one t o  use  i n  fo l lowing  r e l a t i v e  

changes in wood and pu lp  composi t ion ,  a t  l i g n i n  c o n t e n t s  above 

t h e  s e n s i t i v i t y  of t he  NMR exper iment .  

I n i t i a l  D i s s o l u t i o n  

The d a t a  presented  i n  F igu res  4 and 5 i l l u s t r a t e  how the  

r e l a t i v e  peak i n t e n s i t i e s ,  de te rmined  by NMR, change in compari- 

son t o  t h e  r e l a t i v e  Klason lignin c o n t e n t  (Z l l g n i n  l i n e )  and the  

r e l a t i v e  carbohydra te  c o n t e n t  (Z ca rbohydra t e  l i n e ) .  It is  

i n t e r e s t i n g  t o  note  t h a t  t h e  p l o t  co r re spond ing  t o  t h e  methoxyl 

group (56 ppm) of l i g n i n  (L) i s  d i s p l a c e d  t o  lower r e l a t i v e  

v a l u e s  from t h e  Z l i g n i n  l i n e .  L ikewise ,  t h e  p l o t s  cor responding  

t o  t h e  C6 m e t h y l  a l c o h o l  ( 5 6  ppm) of  c e l l u l o s e  (2) and a c e t y l  
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260 WILLIS, JAGANNATHAN, AND HERRING 

methyl (25 ppm) of hemicellulose a r e  d i sp l aced  from the % carbo- 

hydra t e  L i n e .  This suggests  t h a t  these groups ar+ a s s o c i a t e d  

w i t h  the  rapid d i s s o l u t i o n  which occurs  du r ing  t h e  i n i t i a l  s t a g e s  

of pulping.  

R e c e a t L y ,  it has been shown t h a t  a Large p ropor t ion  of the  

a c e t y l  groups of hemicel lulose a r e  c leaved w i t h i n  t h e  f i rs t  hour 

o f  pulping and t h a t  the revi.dua1 a c e t y l  groups undergo cleavage 

at a much slower ra te  11’18. This supports  t h e  t r end  observed f o r  

t h e  a c e t y l  group, as shown i n  Figure 5. S i m i l a r l y ,  t h e  a l k a l i n e  

p e e l i n g  r e a c t i o n  may account f o r  t he  i n i t i a l  r a p i d  loss of t h e  

11,44 methyl a l c o h o l  groups of t h e  carbohydrate  

Gierer 16’18*45’46 a n d  h a v e  s u g g e s t e d  t h a t  the 

r e a c t i o n s  which occur during the  i n i t i a l  s t a g e  of d e l i g n i f i c a -  

t i o n ,  where up t o  23% of t h e  l i g n i n  o r i g i n a l l y  p re sen t  in wood i s  

removed 1L’24, involve the a- and p-aryl e t h e r  c leavage of phenol- 

ic  l i p n i n  u n i t s .  Perhaps t h i s  w u l d  g i v e  r ise t o  t h e  d i s p l a c e -  

ment observed For the methoxyl group of l i g n i n ,  as shown in 

Figure  4. 
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KRAFT PULPING KINETICS 261 

In c o n t r a s t ,  the  d a t a  ob ta ined  f o r  t h e  C3, C resonances  of 

l i g n i n  (150 ppm) and t h e  c y c l i c  carbons  of t he  carbohydra tes  

(80-105 ppm) are not s i g n i f i c a n t l y  d i s p l a c e d  from the  4: l i g n i n  

and % carbohydra te  l i n e s .  This sugges t s  t h a t  t h e  i n i t i a l  degra- 

d a t i o n  r e a c t i o n s  which occur a t  t h e s e  s i t e s  proceed a t  about  the  

same rate as t h a t  observed f o r  t h e  bulk  d e l i g n i f i c a t i o n  O K  bu lk  

carbohydra te  temoval. 

4 

Bulk t k l i g n i f i c a t i o n  

The dec rease  i n  the  i n t e n s i t y  of t h e  peak a t  150 ppm agrees  

wi th  the  dec rease  i n  t h e  Klason l i g n i n  c o n t e n t  of t he  pu lps ,  

w i t h i n  exper imenta l  eKKOK as  shown i n  Figure  4. Since t h i s  peak 

c o r r e s p o n d s  t o  t h e  C and C 4  a r o m a t i c  c a r b o n s  o f  l i g n i n ,  t he  

dec rease  in t h e  i n t e n s i t y  of t h i s  peak could  be due t o  the  l o s s  

o f  l i g n i n  units. Model compound s t u d i e s  have shown t h a t  lignin 

is degraded du r ing  pulping p r i m a r i l y  as a r e s u l t  of t h e  a l k a l i n e  

c l e a v a g e  of t h e  Q-0-4 a r y l  e t h e r  l i nkages46 .  During bu lk  de l ig -  

n i f i c a t i o n ,  where a f u r t h e r  7OK of t h e  l i g n i n  o r i g i n a l l y  i n  wood 

is removed 2 4 ,  t h e s e  c l e a v a g e s  i n v o l v e  non-pheno l i c  l i g n i n  

3 

u n i t s  and are i s p o r t a n t  i n  de te rmining  t h e  r a t e  of b u l k  d e l i g n i -  

f i c a t i o n  12’15’16p47’48.  In t he  p r e s e n t  s t u d y ,  t he  c l o s e  agree- 

ment of t h e  s l o p e s  of t h e s e  two l i n e s  s u g g e s t s  t h a t  t h e  peak a t  

150 ppm can  be used to g ive  a good i n d i c a t i o n  of t he  rate of bu lk  

d e l i g n i € i c a t i o n .  

In c o n t r a s t ,  the i n t e n s i t y  of t h e  peak a t  56 ppm, C O K K e S -  

ponding t o  the  methoxyl carbons of lignin, does no t  dec rease  a s  
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262 WILLIS, JAGANNATHAN, AND HERRING 

r a p i d l y  as t h a t  of t h e  Klason I i g n i n  c o n t e n t  of t h e  pu lps .  I n  

t h i s  case, t h e  s l o p e s  of t h e  l i n e s  d i f f e r  by 30X, which is s i g -  

n i f i c a n t l y  l a r d e r  than  the  exper imenta l  e r r o r  of 10%. Since  a 

l a r g e  p r o p o r t i o n  of methoxyl gKOUpS, as w e l l  as p h e n o l i c  l i g n i n  

u n i t s ,  i s  r e m o v e d  d u r i n g  t h e  i n i t i a l  s t a g e  o f  

p u l p i n g  11915916*18’45, t h e  s l o w e r  d e c r e a s e  c o u l d  be due t o  t h e  

f a c t  t h a t  t h e  rate of c l eavage  of t h e  r e s i d u a l  a r o m a t i c  methoxyl 

groups  is  s lower  than  t h e  rate of bu lk  d e l i g n i f i c a t i o n .  Another 

e x p l a n a t i o n  could  be t h e  i n t e r f e r e n c e  of t h e  c a r b o h y d r a t e  i n  t h i s  

r e g i o n  of t h e  NMR spectrum. Work is C u r r e n t l y  underway t o  e l u c i -  

d a t e  t h i s  p o i n t .  

Bulk Carbohydrate Removal 

As shown i n  F igu re  5, t he  peak co r re spond ing  t o  t h e  a c e t y l  

methyl  groups  of t h e  hemice l lu loses ,  a t  25 ppm, dec reased  a t  a 

ra te  which agreed  wi th  the  dec rease  in t h e  c a r b o h y d r a t e  c o n t e n t  

of t h e  p u l p s ,  w i t h i n  expe r imen ta l  e r r O K .  During t h e  i n i t i a l  

s t a g e  of cooklng ,  a c e t y l  groups a r e  l o s t  r a p i d l y ,  whereas l a t e r  

i n  t h e  b u l k  s t a g e ,  t h e  removal of t h e s e  g roups  o c c u r s  more slow- 

l y .  The re fo re ,  t h e  r e s u l t s  shown i n  F igu re  5 s u g g e s t  t h a t  f o r  

t h e  pu lps  under s t u d y ,  t h e  a l k a l i n e  h y d r o l y s i s  of r e s i d u a l  a c e t y l  

groups  cor responds  t o  bu lk  ca rbohydra t e  removal. 

The r e sonances  cor responding  t o  t h e  c y c l i c  ca rbons  of cel- 

l u l o s e ,  C1 a t  1 0 5  ppm, C4 a t  90 a n d  65 ppm, and C2, C and C5 

between 70 and 80 ppm, decreased  ve ry  s l i g h t l y  w i t h  y i e l d  i n d i -  

3 
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KRAFT PULPING KINETICS 2 6 3  

c a t i n g  that l i t t l e  c e l l u l o s e  was l o s t  i n  t h e  y i e l d  r ange  s t u d i e d .  

I n  f a c t ,  t h e  observed  d e c r e a s e  may in p a r t  be due t o  c o n t r i b u -  

t i o n s  t o  t h e s e  peaks by t h e  h e m i c e l l u l o s e  resonances .  

The p e a k s  cor responding  t o  C6 a t  65 ppm dec reased  a t  twice 

t h e  Kate of t h e  c y c l i c  carbons .  This  may cor respond t o  c l e a v a g e s  

which occur  d u r i n g  r e s i d u a l  p e e l i n g  r e a c t i o n s ,  o r  d u r i n g  s topp ing  

r e a c t i o n s ,  i nvo lv ing  both  c e l l u l o s e  and h e m i c e l l u l o s e  r educ ing  

end  groups .  It may also be  t h e  r e s u l t  of a more s i g n i f i c a n t  

c o n t r i b u t i o n  by t h e  hemice l lu lose  resonances  t o  t h i s  peak, i n  

c o m p a r i s o n  t o  t h a t  which  may be  o c c u r i n g  f o r  t h e  C -C c y c l i c  

ca rbons .  

1 5  

CONCLUDING REMARKS 

The r e s u l t s  r e p o r t e d  h e r e  by t h e  u s e  of  s o l i d  s t a t e  l 3 C  

CP/MAS NMR of wood and pulp have shown t h a t  t h e  d e g r a d a t i o n  of 

l i g n i n  and ca rbohydra t e  can  be s t u d i e d  i n  s i t u .  S ince  t h e  

r e s u l t s  ob ta ined  are i n  agreement wi th  t h e  g e n e r a l  t r e n d s  p rev i -  

o u s l y  o b s e r v e d  f o r  h a f t  CP/MAS NMR may be a poten- 

t i a l l y  powerful method oE i n v e s t i g a t i n g  pu lp ing  kinetics.  A t  

t h i s  s t a g e  however, i t  is a t  b e s t  a s e m i q u a n t i t a t i v e  t echn ique .  

One s e r i o u s  impediment t o  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  of t h e  

i n d i v i d u a l  components of wood and p u l p  is  t h e  d e g r e e  of o v e r l a p  

of resonances  i n  t h e  Carbohydrate r eg ion  of  t h e  NMR s p e c t r a .  The 

o n l y  resonances  which are d i s t i n c t  correspond t o  t h e  a c e t y l  

methyl  of t h e  hemice l lu loses  a t  25 ppm, and t h e  a r o m a t i c  carbons  

of  l i g n i n  a t  150 ppm. Both hemice l lu lose  and c e l l u l o s e  c o n t r i b -  
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264 WILLIS, JAGANNATHAN, AND HERRING 

U t e  t o  t he  peaks between 65 ppm and 105 ppm. In a d d i t i o n ,  t h e  

l i g n i n  methoxyl group resonance at 56 ppm may a l s o  ove r l ap  some 

weak C6 resonances of t he  carbohydrate  macromolecules. 

Fu r the r  s t u d i e s  involving i so the rma l  pulping k i n e t i c s  of 

d i f f e r e n t  wood s p e c i e s  and comparison between t h e  k r a f t  and s u l -  

p h i t e  processes using 13C C P / W  NMK are i n  p rogres s .  An at tempt  

is a l s o  being made t o  quan t i fy  the c o n t r i b u t i o n  of hemicel lulose 

and l i g n i n  t o  t h e  carbohydrate r eg ion  of t h e  NXX spectrum of wood 

and pulp and the  r e s u l t s  will be published i n  due course.  
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