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BLEACHING OF EUCALYPT PULPS STUDIED BY 
CARBON-13 N.M.R.  SPECTROSCOPY 

Lawrence A .  Dunn 
Chemistry Department, U n i v e r s i t y  of Tasmania, 

GPO Box 252C, Hobart, Tasmania, A u s t r a l i a  

Roger H .  Newman and J a c q u e l i n e  A. Hemmingson 
DSIR Chemistry, P r i v a t e  Bag, Petone, N e w  Zealand 

ABSTRACT 

Cross p o l a r i z a t i o n ,  magic-angle sp inn ing ,  i n t e r r u p t e d  
decoupl ing and paramagnetic doping t echn iques  have been 
combined t o  p rov ide  t h e  s e n s i t i v i t y  needed f o r  d e t e c t i o n  of 
chemical f u n c t i o n a l  groups involved i n  p u l p  b l e a c h i n g  
r e a c t i o n s .  Cold soda p u l p  and s t o n e  groundwood p u l p  were 
b leached  by calcium h y p o c h l o r i t e  and hydrogen pe rox ide  
r e s p e c t i v e l y .  These t r e a t m e n t s  had l i t t l e  e f f e c t  on 
k e t o n i c  s t r u c t u r e s  and no e f f e c t  on e t h e r i f i e d  a r y l  u n i t s ,  
b u t  h y p o c h l o r i t e  degraded most l i g n i n  u n i t s  no t  l i n k e d  i n  
beta-0-4 e t h e r s .  This  work p rov ides  d i r e c t  conf i rma t ion  of 
pub l i shed  p r e d i c t i o n s  based on b l e a c h i n g  of model compounds 
i n  s o l u t i o n .  

INTRODUCTION 

Alka l ine  hydrogen pe rox ide  i s  widely used as a 
non-pol lut ing b l each ing  agen t  f o r  p u l p .  Calcium hypo- 
c h l o r i t e  i s  less f r e q u e n t l y  used, bu t  i s  r e l a t i v e l y  cheap. 
There are similari t ies between t h e  b l e a c h i n g  mechanisms of 
hydrogen pe rox ide  and h y p o c h l o r i t e l r 2 .  I n  bo th  cases, p u l p  
b r i g h t e n i n g  has  been a t t r i b u t e d  t o  r e a c t i o n s  of t h e  a n i o n i c  
o x i d a n t s  with v a r i o u s  con juga ted  carbonyl  s t r u c t u r e s  
p r e s e n t  i n  l i g n i n ,  e . g . ,  quinones and cinnamaldehyde 
s t r u c t u r e s .  Both r e a g e n t s  degrade a ry l - ca rbony l  s t r u c t u r e s  

93  

Copyright 0 1991 by Marcel Dekker, Inc. 

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



DUNN, NEWMAN, AND HEMMINGSON 94 

i n  l i g n i n .  Both can form f r e e  r a d i c a l s  which react wi th  
t h e  pheno l i c  s t r u c t u r e s  i n  l i g n i n .  

I n  bo th  cases ,  a number of mechanisms have been 
p o s t u l a t e d  through s t u d i e s  of  r e a c t i o n s  wi th  model 
compounds i n  s o l u t i o n .  Many of t h e  r e s u l t s  w e r e  r e p o r t e d  
i n  pape r s  by Richtzenhain and Alfredsson3-5 on h y p o c h l o r i t e  
b l each ing ,  and by Gellerstedt e t  a1.6-8, and Omori and 
DenCe9 on hydrogen peroxide b l each ing .  
s o l i d - s t a t e  NMR t o  t es t  some of t h e  conc lus ions  through 
d i r e c t  obse rva t ion  of chemical changes i n  pu lp .  W e  chose 
f o r  t h e  s tudy  commercial p u l p s  made from a mix tu re  of 
euca lyp tus  s p e c i e s .  
spectroscopy wi th  c r o s s  p o l a r i z a t i o n  and magic-angle 
sp inn ing  (CP/MAS NMR), and added i n t e r r u p t e d  decoupl ing 
( I D )  and d i g i t a l  r e s o l u t i o n  enhancement (RE) t o  r e v e a l  
detai ls  i n  bands of s i g n a l s  a s s i g n e d  t o  non-protonated 
carbon.  

W e  have now used 

We used 13C n u c l e a r  magnetic resonance 

RESULTS AND DISCUSSION 

Calcium h v p o c h l o r i t e  b l e a c h i n a  of c o l d  soda vulD 
Comparison of normal CP/MAS NMR s p e c t r a  ( F i g s .  l a  and 

lb )  showed no g r o s s  changes i n  t h e  chemical composition of  
t h e  pu lp .  S i g n a l  area measurements i n d i c a t e d  a s m a l l  
dec rease  i n  t h e  l i g n i n  con ten t ,  from 2 6 %  t o  2 4 %  by weight 
of d r y  matter; b u t  t h i s  change i s  c l o s e  t o  t h e  l e v e l  of 
u n c e r t a i n t y  i n  NMR e s t i m a t i o n  of l i g n i n  c o n t e n t s .  

a t  6 = 137 and 153 pprn, a s s i g n e d  t o  t h e  non-protonated 
carbon i n  l i g n i n  s y r i n g y l  u n i t s ;  C-1 and C-4 a t  137  ppm, 
C-3 and C-5 a t  153 ppm. A shoulder  on t h e  r ight-hand s i d e  
of t h e  l a t te r  peak was a s s i g n e d  t o  C-3 and C-4 i n  g u a i a c y l  
groups p l u s  C-3 and C-5 of n o n - e t h e r i f i e d  s y r i n g y l  groups,  
which are expected t o  c o n t r i b u t e  s i g n a l s  i n  t h e  v i c i n i t y  of 
6 = 148 ppm. 
l i t e r a t u r e  d a t a  and were made i n  a p rev ious  p u b l i c a t i o n l o .  
The RE p l o t  (F ig .  2a) r e v e a l e d  a peak a t  6 = 148 ppm, b u t  
t h i s  peak w a s  a b s e n t  from t h e  spectrum of t h e  b l eached  p u l p  

The I D  NMR spectrum of t h e  c o l d  soda p u l p  showed peaks 

These s i g n a l  ass ignments  are based on 
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6 = 148 

95 

FIGURE 1. Normal CP/MAS NMR spec t ra  of cold-soda pulp ( a )  
before  and (b)  a f t e r  bleaching with hypochlor- 
i t e ,  and s tone groundwood pulp ( c )  before  and 
(d)  a f t e r  bleaching with hydrogen peroxide. 
S = syringyl ,  G = guaiacyl, e = e t h e r i f i e d  and 
f = f r e e  OH a t  t h e  4 pos i t i on .  

I 1 I I 

160 150 140 130 
6/PPm 

FIGURE 2. Resolution-enhanced CP/MAS-ID NMR spec t ra  of 
cold-soda pulp ( a )  before and (b)  a f t e r  
bleaching with calcium hypochlor i te ,  and s tone 
groundwood pulp (c )  before  and (d) a f t e r  
bleaching with hydrogen peroxide. 
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96 DUWN, NEWMAN, AND HEMMXNGSON 

(Fig. 2b). Such RE spectra should not be used for 
quantitative analysis, because broader bands (in this case 
assigned to the guaiacyl component) can be suppressed 
relative to sharper bands. Syringyl/guaiacyl ratios were 
therefore estimated from ID spectra plotted without 
resolution enhancement. The method of Mandersll was used. 
This involved forming linear combinations of the ID spectra 
of pulp and the ID spectrum of a softwood (in this case 
Picea abies)  taken as representative of guaiacyl lignin. 
The results indicated an increase in the syringyl/guaiacyl 
ratio from 3.6 before bleaching to 4.4 after bleaching. 

Hypochlorite bleaching is known to degrade non-etheri- 
fied phenolic structures in model compoundsl-3, 
chlorite anions are too strongly nucleophilic to react 
directly with aromatic rings, and must first form free 
radlcalsl, 2; 

The hypo- 

OC1- + HOCl + OC1' + C1' + OH- [ 1 1  
The free radicals then oxidize the phenol to a quinone: 4% 4% Z Z H s  6 121 

OMe Me0 OMe Me0 0 
-HCI 

0 C I  0 0 
Me0 OMe Me0 

O Q  

The quinone is then rapidly oxidized by hypochlorite 
anions. Studies of model compounds have shown that 
etherification of the phenol blocks this oxidation 
mechanism3. 

The increase in the syringyllguaiacyl ratio could be 
explained in qualitative terms (a) by oxidation of non- 
etherified lignin units, If syringyl units are more likely 
to be etherifiedlz or (b) by a greater reactivity of 
guaiacyl versus syringyl units due to the lack of a free 5- 

position in the latter. 
provide adequate information for estimates of both the 
syringyl/guaiacyl ratio and the degree of etherification of 
syringyl or  guaiacyl units. The method of Mandersll simply 
ignores the possibility of non-etherified syringyl groups 

The NMR spectra alone do not 
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BLEACHING OF EUCALYPT PULPS 97 

c o n t r i b u t i n g  t o  s i g n a l s  i n  t h e  v i c i n i t y  of  6 = 1 4 8  ppm. 
The best w e  can do i s  t o  p l a c e  a lower l i m i t  on t h e  pro-  
p o r t i o n  of  l i g n i n  u n i t s  a f f e c t e d  by b l each ing .  I f  on ly  
g u a i a c y l  u n i t s  were ox id ized ,  t h e n  t h e  observed change i n  
t h e  s y r i n g y l / g u a i a c y l  r a t i o  could be e x p l a i n e d  by o x i d a t i o n  
of 4 %  of t h e  t o t a l  l i g n i n ,  i . e .  about  one f i f t h  of g u a i a c y l  
u n i t s .  

An estimate of  80% e t h e r i f i c a t i o n  of  g u a i a c y l  u n i t s  
has  been o b t a i n e d  f o r  P i n u s  r a d i a t a  l i g n i n  i n  i n t a c t  
woodl3. I f  t h e  same degree of e t h e r i f i c a t i o n  i s  found i n  
t h e  g u a i a c y l  u n i t s  of hardwood l i g n i n ,  t h e n  t h e r e  would be  
a s u f f i c i e n t  q u a n t i t y  of  n o n - e t h e r i f i e d  u n i t s  t o  account  
f o r  t h e  observed l o s s  through o x i d a t i o n .  

The degrada t ion  of phenols  must be  r ega rded  as a side 
r e a c t i o n  i n  t h e  b l each ing  p rocess ,  and perhaps an undes i r -  
a b l e  one i n  t h a t  chromophores a r e  gene ra t ed  d u r i n g  t h e  
r e a c t i o n .  Degradat ion of f r e e  phenols  i s  slower t h a n  t h e  
b l each ing  of t he  o r i g i n a l  quinone chromophores, because of 
t h e  r e l a t i v e l y  slow p roduc t ion  of free r a d i c a l s  and t h e  
a d d i t i o n a l  s t e p s  shown i n  E q .  [ 2 ] .  

u n i t s  o x i d i z e d  corresponds t o  0 . 0 5  mole of u n i t s  p e r  kg 
pu lp .  Oxidat ion t o  a quinone (Eq. 121) would r e q u i r e  1 
mole ocl- p e r  mole of phenol,  and o x i d a t i o n  of t h e  quinone 
t o  a d i c a r b o x y l i c  acid would r e q u i r e  as much aga in .  These 
two s t e p s  would t h e r e f o r e  consume about  0 . 1  mole OCl-  per 
kg pu lp .  F u r t h e r  o x i d a t i o n  s t e p s  a r e  p o s s i b l e 3 ,  having a 
p o t e n t i a l  demand of s e v e r a l  f u r t h e r  moles of O C l -  per mole 
of f r e e  pheno l s .  The i n i t i a l  c o n c e n t r a t i o n  of  a v a i l a b l e  
c h l o r i n e  corresponded t o  0.1 mole OC1- per kg p u l p .  Our 
r e s u l t s  t h e r e f o r e  suggest  t h a t  o x i d a t i o n  of n o n - e t h e r i f i e d  
l i g n i n  u n i t s  dominates t h e  demand f o r  ox idan t  i n  t h i s  
b l e a c h i n g  p r o c e s s .  

Carboxylate  salts c o n t r i b u t e d  a peak a t  6 = 111 ppm. 
This  assignment w a s  confirmed by a c i d i f i c a t i o n  of one p u l p  
with H C l .  The s i g n a l  s h i f t e d  t o  6 = 113 ppm, i . e .  t o  t h e  
chemical s h i f t  expected f o r  c a r b o x y l i c  a c i d s .  S i g n a l  areas 
i n d i c a t e d  an i n c r e a s e  i n  c o n c e n t r a t i o n  f r o m  0 .3  m o l e  kg-1 

The lower l i m i t  e s t i m a t e d  f o r  t h e  p r o p o r t i o n  o f  l i g n i n  
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98 DUNN, NEWMAN, AND HEMMINGSON 

I t 1 

220 200 180 160 
6 /PPm 

FIGURE 3 .  CP/MAS-ID NMR s p e c t r a  of cold-soda p u l p  ( a )  
b e f o r e  and (b) af ter  b l e a c h i n g  wi th  calcium 
h y p o c h l o r i t e .  

b e f o r e  b l each ing  t o  0 .5  mole kg-1 a f te r  b l each ing .  
i n c r e a s e  i s  c o n s i s t e n t  w i th  o x i d a t i o n  of  n o n - e t h e r i f i e d  
l i g n i n  u n i t s  t o  c a r b o x y l i c  acids. 

a t t r i b u t e d  t o  k e t o n i c  f u n c t i o n a l  groups.  Clear r e s o l u t i o n  
i n t o  c o n t r i b u t i o n s  t h a t  cou ld  be a s s i g n e d  t o  a ry l - a -  
ca rbony l  s t r u c t u r e s  (expected a t  6 = 195 ppm) and  non- 
conjugated carbonyl  groups (expected a t  6 = 200 t o  210 ppm) 
was no t  p o s s i b l e .  The cold-soda p u l p  con ta ined  t h e s e  
groups a t  a l e v e l  of about  0.09 mole kg-1, r i s i n g  t o  about  
0 . 1 3  mole kg-1 a f t e r  b l each ing .  
and d i f f u s e  f o r  a c c u r a t e  i n t e g r a t i o n ,  t h e  appa ren t  change 
w a s  w i th in  experimental  u n c e r t a i n t y .  S t u d i e s  of  model 
compounds have shown t h a t  h y p o c h l o r i t e  i o n s  can react wi th  
aryl-a-carbonyl  s t r u c t u r e s 4 .  Such s i i s c h a i n  r e a c t i o n s  
would break down t h e  polymeric  s t r u c t u r e  of t h e  l i g n i n .  
React ions w i t h  model aryl-a-carbonyl  s t r u c t u r e s  have been 
r e p o r t e d  as slow compared w i t h  deg rada t ion  of phenols3,4.  

Th i s  

A weak band from 6 = 1 9 0  t o  6 = 210 ppm (F ig .  3 )  i s  

As t h e  band was t o o  weak 
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BLEACHING OF EUCALYPT PULPS 99 

This is consistent with our assignment of the weak signals 
to ketones in the bleached pulp. 

Hvdrouen peroxide bleachinu of stone aroundwood Qulp 

Id) showed no gross changes in the chemical composition of 
the pulp. 
increase in the lignin content, from 26% to 30% by weight 
of dry matter. The increase is a little more than experi- 
mental uncertainty, and may indicate removal of material 
other than lignin during bleaching, or production of mater- 
ial associated with NMR signals in the region of 6 = 150 
PPm ' 

The ID NMR spectrum of the groundwood pulp (Fig. 2) 
showed a signal at 6 = 148 ppm assigned to C-3 and C-5 in 
non-etherified syringyl units, at a level similar to that 
in the cold soda pulp (see above). These non-etherified 
units were not degraded by hydrogen peroxide. This 
observation differs from the results for hypochlorite 
bleaching, probably because hydrogen peroxide is stabilized 
in the commercial process by addition of silicate6. 
the absence of stabilization, hydrogen peroxide can 
fragment2 by a reaction analogous to that shown in Eq. [l], 
i.e. as shown in Eq.131; 

HOO- + H202 -3 HOO. + OH- + OH' [31 
The hydroperoxide anion is a strong nucleophile, and is 
unable itself to react with phenolic structures such as 
non-etherified lignin unit&. 

signals from about 6 - 165 to 6 - 180 ppm, with a maximum at 
6 = 113 ppm. 
groups was consistently higher in the groundwood pulp than 
in the cold soda pulp, at 0.1 mole kg-1. The additional 
signal strength was assigned to the acetyl groups of 
hemicelluloses, present in the groundwood pulp but not in 
the cold soda pulp. These acetyl groups also contributed 
a signal at 6 
(Fig. 1). The concentration of carboxylic functional 
groups remained unchanged at 0.1 mole kg-1 after bleaching. 

Comparison of normal CP/MAS NMR spectra (Fig. Ic and 

Signal area measurements indicated a small 

In 

Carboxylic acids and esters contributed a band of 

The concentration of carboxylic functional 

22 ppm, both before and after bleaching 
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100 DUNN, NEWMAN, AND HEMMINGSON 

c a r b o x y l i c  acids 
and e s t e r s  

220 200 180 160 
61 PPm 

220 200 180 160 
61 PPm 

FIGURE 4. CP/MAS-ID NMR spectra of stone groundwood pulp 
(a) before and (b)  after bleaching with hydrogen 
peroxide. 

The groundwood pulp contained ketonic functional 
groups at a level of about 0.07 mole kg-1 (Fig. 4a). The 
level was about 0 .08  mole kg-1 after bleaching (Fig. 4b), 
therefore the change is smaller than the experimental 
uncertainty in measuring the signal area of the weak 
signal. Aryl-a-carbonyl structures are known to react with 
alkaline hydrogen peroxide, yielding carboxylic acids and 
serni-quinones7r9, but the reaction rate must be too slow 
for significant changes to occur in the commercial 
bleaching process. 

Comparison with other NMR studies 

peroxide bleaching of chemimechanical pulp from balsam 
fir14 and thermomechanical pulp from white sprucel5. These 
studies provided NMR evidence for oxidative ring opening 
affecting about 5% of lignin units in the former case and 

CP/MAS NMR spectra have been used in studies of 
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B L E A C H I N G  OF E U C A L Y P T  P U L P S  101 

80% i n  t h e  l a t t e r .  The l a t te r  r e s u l t  i s  s u r p r i s i n g l y  high 
compared with t h e  former r e s u l t  and ou r  own o b s e r v a t i o n s .  

However, the ear l ier  s t u d i e s  invo lved  softwood p u l p s  
and a r e  t h e r e f o r e  no t  d i r e c t l y  comparable wi th  ou r  s t u d i e s  
of hardwood pu lp .  

CONCLUSIONS 

Bleaching with calcium h y p o c h l o r i t e  r e s u l t e d  i n  oxi-  
d a t i o n  of n o n - e t h e r i f i e d  l i g n i n  u n i t s .  Bleaching wi th  
hydrogen pe rox ide  l e f t  t h o s e  u n i t s  i n t a c t .  The d i f f e r e n c e  
can be exp la ined  i n  terms of s t a b i l i s a t i o n  of hydrogen 
pe rox ide  a g a i n s t  formation of f r e e  r a d i c a l s .  Non-etheri-  
f i e d  l i g n i n  u n i t s  can account  f o r  t h e  dominant demand f o r  
ox idan t  i n  b l each ing  of cold-soda Eucalyptus regnans p u l p  
wi th  calcium h y p o c h l o r i t e .  

EXPERIMENTAL 

Samples  
Samples were t aken  from t h e  a l k a l i n e  washers 

(unbleached pu lp )  and p r o p o r t i o n e r s  (b l eached  pu lp )  of a 
commercial p u l p  m i l l .  The c o l d  soda p u l p  w a s  b l eached  f o r  
about  2 hours  a t  25OC i n  a mix tu re  of sodium hydroxide (1%) 
and calcium h y p o c h l o r i t e  g i v i n g  an a v a i l a b l e  c h l o r i n e  con- 
c e n t r a t i o n  of about  5%. The s t o n e  groundwood p u l p  was 
b leached  fo r  about  3 hours  a t  5OoC i n  a mix tu re  of hydrogen 
pe rox ide  ( 2 % ) ,  sodium hydroxide ( 2 % )  and sodium s i l i ca t e  
( 3 % ) .  The pe rcen tages  a r e  expres sed  r e l a t i v e  t o  t h e  weight 
of d r y  f i b r e .  The bleached pu lps  had b r i g h t n e s s  v a l u e s  of 
58-60% and 65% r e s p e c t i v e l y .  

Each p u l p  was air-dried, mixed wi th  a s o l u t i o n  of 
chrome alum, and a i r - d r i e d  aga in  t o  b r i n g  t h e  C r 3 +  con ten t  
of  t h e  p u l p  t o  0 .1% by weight .  
s h o r t e n  p ro ton  s p i n - l a t t i c e  r e l a x a t i o n  t i m e  c o n s t a n t s  f o r  
r ap id -pu l s ing  NMR experimentsl6.  
and 0 .15  g p u l p  were packed i n  7 mm d iame te r  c y l i n d r i c a l  
s a p p h i r e  rotors s e a l e d  with Kel-F caps.  

The Cr3+ was added t o  

Samples of between 0 . 1 1  g 
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NMR experiments 

probe, and NMR spectra were run at 50 MHz 1 3 ~  NMR frequency 
on a Varian XL-200 spectrometer. Normal CP/MAS NMR spectra 
were run with a 200 ms recovery delay, a 5 ps preparation 
pulse, a 2 ms cross-polarization contact time and 30 ms of 
data acquisition. Transients from at least 2000  
acquisitions were averaged. Lignin contents were estimated 
from these spectra by the method of Hemmingson and Newmanlo 
with a spinning-sideband correction factor redetermined for 
MAS at 5 kHz. Interrupted-decoupling experiments were 
based on the pulse sequence of Harbison et a1.17 with an 
interruption interval of 42  p. The number of acquisitions 
was increased to between 6x105 and 9x105. Other Parameters 
were as f o r  the normal CP/MAS NMR spectra. Resolution 
enhancement involved convolution of the raw data table with 
an exponentially-increasing function (time constant 3 ms) 
and a Gaussian decay function (time constant 6 ms). 

Samples were spun at 5 kHz in a Doty Scientific MAS 
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