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METHOXY-p-BENZOQUINONE AND METHOXYHYDROQUINONE 
AS MODELS FOR CHROMOPHORE CHANGES IN THE 
BLEACHING OF SOFTWOOD MECHANICAL PULPS. 

11. THE EFFECT OF PEROXIDE CHARGE, 
REACTION pH, AND TRANSITION METAL IONS 

Richard W. Pero and Carlton W. Dence 

Empire State Paper Research Institute 
SUNY College of Environmental Science 

and Forestry 
Syracuse, New York 13210 

ABSTRACT 

Methoxy-p-benzoquinone and methoxyhydroquinone 
were reacted with2$ydrogen peroxid2+in the presence of 
either Na DTPA/Mg or silicate/Mg stabilization 
systems. %be conditions used approximated those in the 
technical bleaching process, and the resulting effect 
on color was ascertained by monitoring the absorbance 
at 457 nm. The results revealed that the initial color 
of solutions of the quinone and hydroquinone increased 
dramatically with the application of relatively small 
amounts of alkaline peroxide and was "bleached" to its 
original level only after application of excessively 
large amounts of this oxidant. Subsequent experiment- 
ation, in which the pH of the of the reaction mixture, 
order of reagent addition and mixing regimen were 
varied, provided evidence suggesting that the observed 
increase in "color" on alkaline peroxide treatment 
of the quinone was attributable to alkali-promoted 
condensation reactions, the products of which were only 
partly decolorized through action of the peroxide. The 
effect on .color" produced by the addition of transi- 
tion metal ions was found to depend on the particular 

195 

Copyright (0 1983 by Marcel Dekker, Inc. 0277-38 1 3/83/Q3024 195S3.50/0 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



196 PER0 AND DENCE 

metal and  t h e  peroxide s t a b i l i z a t i o n  s y s t e m  employed. 
The responses o f  t h e  quinone/hydroquinone  and 
m e c h a n i c a l  pulps toward  a l k a l i n e  p e r o x i d e  i n  terms of 
opt ica l  properties are compared. 

INTRODUCTION 

A v a r i e t y  of chrornophoric s t r u c t u r e s  have  been 
i m p l i c a t e d  as s o u r c e s  of color i n  whole and 
d e f  i b e r i  z e d  woodl-6. 
chromophoric  s y s t e m s  t o  a l k a l i n e  hydrogen p e r o x i d e  
have n o t  been  examined on an  i n d i v i d u a l  basis i n  
a l l  i n s t a n c e s ,  t h e  c o m p o s i t e  e f f e c t  o f  s u c h  a 
t r e a t m e n t  i s  color  r e d u c t i o n ,  t h e r e b y  g i v i n g  e v i d e n c e  
for a t  least  a p a r t i a l  c o n v e r s i o n  of t h e  chromophores  
t o  colorless s t r u c t u r e s .  On t h e  o t h e r  hand ,  r e s u l t s  
r e p o r t e d  by S p i t t l e r  and Dence7 and by O k i  et p18 
i n d i c a t e  t h a t  new chromophor ic  s y s t e m s  are 
c o n c u r r e n t l y  g e n e r a t e d  d u r i n g  p e r o x i d e  b l e a c h i n g  
which, i f  r e s i s t a n t  t o  f u r t h e r  breakdown by p e r o x i d e ,  
may p a r t i a l l y  o f f s e t  t h e  b l e a c h i n g  effect r e s u l t i n g  
from chromophore d e s t r u c t i o n .  These o p p o s i n g  
phenomena of chromophore c r e a t i o n  and d e s t r u c t i o n  may 
i n  f a c t  a c c o u n t  fo r  t h e  so-called “ b r i g h t n e s s  c e i l i n g ”  
associated w i t h  t h e  b l e a c h i n g  of m e c h a n i c a l  p u l p s .  

O f  t h e  s t r u c t u r e s  i d e n t i f i e d  as p o s s i b l y  
c o n t r i b u t i n g  t o  color i n  any chromophore-genera t ing  
process accompanying p e r o x i d e  b l e a c h i n g ,  t h e  
methoxy-p-benzoquinone m o i e t y  i s  p e r h a p s  t h e  most 
e x t e n s i v e l y  d o ~ u m e n t e d ~ ‘ ~ 3 .  
observed t h e  r e s i s t a n c e  o f  t h i s  compound t o  
d e c o l o r a t i o n  on t r e a t m e n t  w i t h  a l k a l i n e  p e r o x i d e  u n d e r  
s i m u l a t e d  t e c h n i c a l  b l e a c h i n g  c o n d i t i o n s .  
Methoxy-p-benzoquinone i s  v i s u a l i z e d  as a r i s i n g  by t h e  

Although t h e  r e s p o n s e s  of t h e s e  

Hosoya et g14 have 
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attack of molecular oxygen or peroxy radicals on 
p-hydroxybenzyl alcohol groupings in lignin15 16. 
Methoxyhydroquinone units, generated by the reaction 
of alkaline hydrogen peroxide on p-hydroxyphenyl 
ketone units in lignin, as reported in Part I of this 
series", may also give rise to methoxy-p-benzo- 
quinone derivatives in a subsequent oxidation step. 
In addition to the p-benzoquinoid units generated 
in peroxide bleaching, some have been postulated as 
being initially present in the lignin2'18, while 
others are thought to arise from autoxidation of 
wethoxyhydroquinone units in the lignin during 
def ibration of wood6. 

p-Benzoquinone structures are susceptible to 
further oxidation by alkaline hydrogen peroxide in 
which process they are transformed to colorless 
str uctur esl'. Competitive base-catalyzed 
reactions may, however, mediate the conversion of 
p-quinonoid units to other chromophoric systems with 
diminished susceptibility to further breakdown by 
peroxide or its decomposition products. These 
alternative routes are illustrated in Fig. 1. The 
relative extents to which the aforementioned 
p-benzoquinone breakdown and condensation processes 
occur during technical peroxide bleaching can be 
visualized as influencing the brightness gain 
ultimately achieved. 

To examine this possibility further, 
methoxy-p-benzoquinone and its leucochromophoric 
precursor, methoxyhydroquinone, were reacted with 
peroxide under simulated technical bleaching 
conditions. The effects of varying peroxide charge, 
reaction pH, and addition of transition metals on the 
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f i n a l  color were d e t e r m i n e d  by m o n i t o r i n g  t h e  
absorbance  of t h e  product m i x t u r e  a t  4 5 7  nm f o l l o w i n g  
a c i d i f i c a t i o n .  

RESULTS AND DISCUSSION 

The g e n e r a l  p r o c e d u r e  fo l lowed i n  t h e  o x i d a t i o n  
w a s  t o  add aqueous s o l u t i o n s  of  t h e  quinone  and 
hydroquinone t o  s t ab i l i zed  (MgSOq and sodium s i l i ca t e  
or Na5DTPA) p e r o x i d e  s o l u t i o n s  i n i t i a l l y  a d j u s t e d  t o  
t h e  desired pH and e i t h e r  m a i n t a i n e d  a t  t h a t  l e v e l  by 
i n t e r m i t t e n t  a d d i t i o n  o f  a l k a l i  o r  allowed to  f a l l  as 
dictated by t h e  f o r m a t i o n  of acidic  o x i d a t i o n  p r o d u c t s .  
The r e a c t i o n  w a s  allowed t o  proceed  f o r  f o u r  h o u r s  a t  
40OC. Absorbance r e a d i n g s  were t a k e n  a t  457 nm a t  
p r e d e t e r m i n e d  i n t e r v a l s  t h r o u g h o u t  t h e  c o u r s e  o f  t h e  
r e a c t i o n  and a t  i t s  c o n c l u s i o n ,  f o l l o w i n g  
a c i d i f i c a t i o n  of sample a l iquots .  P e r o x i d e  r e s i d u a l s  
w e r e  d e t e r m i n e d  by colorimetric a n a l y s i s  a t  t h e  
c o n c l u s i o n  o f  t h e  t r e a t m e n t .  

The E f f e c t  o f  P e r o x i d e  Charge 
The e f f e c t  of i n c r e a s i n g  p e r o x i d e  a p p l i c a t i o n  a t  

a f i x e d  pH of  10.5 on t h e  color (measured as 
a b s o r b a n c e  a t  457  nm) of t h e  peroxide/methoxy-p- 
benzoquinone p r o d u c t  m i x t u r e s  is i l l u s t r a t e d  by t h e  
a p p r o p r i a t e  p l o t s  i n  F i g u r e  2 .  These p l o t s  i n d i c a t e  
t h a t ,  i r r e s p e c t i v e  of t h e  s t a b i l i z a t i o n  sys tem 
employed, a d d i t i o n  of t h e  quinone  t o  r e l a t i v e l y  
s m a l l  amounts of p e r o x i d e  caused  a marked enhancement 
of t h e  a b s o r b a n c e  above t h a t  c o n t r i b u t e d  by a n  
u n r e a c t e d  n e u t r a l  s o l u t i o n  of t h e  quinone .  R a t e  

measurements r e v e a l e d  t h a t  m o s t  o f  t h e  i n c r e a s e  i n  
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[%Q PU'"1 

FIGURE 2. The Effect of Peroxide Application on 
"Color" Reduction in the Reaction of 
Methoxy-p-Benzoquinone with Alkaline 
Hydrogen Peroxide (Quinone, 1.0 mM, 4 Hrs, 
4OoC, pH 10.5 Maintained) Order of 
addition: stabilizer, H202, OH', quinone. 

absorbance occurred within 15 minutes of the time when 
the quinone was added to the alkaline peroxide 
solution. 

Regardless of the stabilization systems employed 

(Na5DTPA/Mg2+ or silicate/Mg2+) , there was a 
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pronounced l e v e l l i n g  o f f  w i t h  r e s p e c t  t o  " c o l o r "  
r e d u c t i o n  when p e r o x i d e  i n  e x c e s s  o f  approximate ly  3-4 

moles/mole o f  q u i n o n e  w a s  added, even  i n  t h e  p r e s e n c e  
of u n r e a c t e d  p e r o x i d e .  However, o n l y  a t  t h e  h i g h e s t  
a p p l i c a t i o n  of  peroxide i n  t h e  p r e s e n c e  of t h e  
Na5DTPA/Mg2+ s t a b i l i z a t i o n  sys tem w a s  t h e  a b s o r b a n c e  
o f  t h e  a c i d i f i e d  p r o d u c t  m i x t u r e  reduced t o  t h a t  of 
t h e  u n r e a c t e d  quinone.  

any g i v e n  p e r o x i d e  a p p l i c a t i o n  when t h e  reaction of  
t h e  quinone  was per formed i n  t h e  p r e s e n c e  of 
NaSDTPA/Mg2+ as opposed t o  s i l i c a t e / M g * +  ( F i g .  2 ) .  

T h i s  d i s p a r i t y  does n o t  a p p e a r  t o  be r e l a t e d  t o  
p e r o x i d e  s t a b i l i t y ,  s i n c e  t h e  p e r o x i d e  r e s i d u a l s  were 
n e a r l y  i d e n t i c a l  f o r  t h e  t w o  s t a b i l i z a t i o n  sys tems 
when t h e  r e a c t i o n s  w e r e  performed under  o t h e r w i s e  
i d e n t i c a l  c o n d i t i o n s  i n  t h e  a b s e n c e  of  quinone.  

The r a p i d  and s u b s t a n t i a l  i n c r e a s e  of "color" 
r e s u l t i n g  from t r e a t m e n t  of methoxy-p-benzoquinone 
w i t h  l o w  p e r o x i d e  c h a r g e  p o s s i b l y  c a n  be a t t r i b u t e d  t o  
t h e  e f f e c t  o f  a l k a l i  i n  promoting c o n d e n s a t i o n  and 
o t h e r  r e a c t i o n s  y i e l d i n g  new chromophoric  s t r u c t u r e s 2 1  
i n  c o m p e t i t i o n  w i t h  o x i d a t i v e  breakdown of t h e  quinone .  
B a s e d  on t h e  r e s u l t s  r e p o r t e d  above ( F i g s .  2 and 3 1 ,  
t h e s e  newly-created chromophores are c o m p a r a t i v e l y  
r e s i s t a n t  toward f u r t h e r  oxidat ive breakdown, w i t h  t h e  
consequence t h a t  e x c e s s i v e l y  l a r g e  a p p l i c a t i o n s  of 
p e r o x i d e  were required mere ly  t o  restore t h e  "color" 
t o  t h e  l e v e l  c o n t r i b u t e d  by t h e  u n r e a c t e d  quinone.  
The "color" r e d u c t i o n  a c h i e v e d  by l a r g e  a p p l i c a t i o n s  
of p e r o x i d e  i s  p r o b a b l y  a combina t ion  of e f f e c t s ,  
i n c l u d i n g  enhanced o x i d a t i v e  breakdown of t h e  

methoxy-p-benzoquinone a t  t h e  expense  of 

G e n e r a l l y ?  less "color" and p e r o x i d e  remained a t  
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Absorttydcnunreocted ImM S - - - - - - - - - - - - - 
0 I 2 3 4 5 6  

[HZOz]/ [HYDROaJNOE] 

FIGURE 3. The E f f e c t  of P e r o x i d e  A p p l i c a t i o n  on 
"Color" Reduct ion  i n  t h e  R e a c t i o n  of 
Methoxyhydroquinone w i t h  A l k a l i n e  Hydrogen 
P e r o x i d e  (Hydroquinone,  1 . 0  mM, 4 H r s ,  
4OoC, pH 10.5  M a i n t a i n e d )  

a l k a l i - p r o m o t e d  c o n d e n s a t i o n  reactions and more 
e x t e n s i v e  breakdown of whatever  condensed chromophores 
are formed.  

Although t h e  chromophores r e s p o n d i n g  s l u g g i s h l y  
t o  a l k a l i n e  p e r o x i d e  have  n o t  been i d e n t i f i e d ,  one 
p o s s i b i l i t y  i s  t h a t  t h e y  are s t r u c t u r a l l y  related t o  
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hydroxyquinoneslg I 20, and/or phenyl-substi tuted 
p-benzoquinonesl4r21-24, as illustrated in Fig. 1. 

amounts of peroxide stabilized by NasDTPA/Mg2+ and 
silicate/Mg2+ is shown by the plots in Fig. 3. 
Duplicating the effect observed previously in the 
treatment of methoxy-p-benzoquinone with peroxide, the 
"color" of the product mixture decreased progressively 
with the addition of increasing amounts of peroxide. 
In no instance, however, was the absorbance reduced to 
its pretreatment level under the test conditions. 

The observed increase in absorbance or "color" 
logically can be attributed to the oxidation of the 
methoxyhydroquinone to the corresponding quinone which 
is the progenitor of colored material formed through 
alkali-induced condensation reactions as postulated 
above. Oxidation of the hydroquinone occurs in part 
f r o m  the action of dissolved atmospheric oxygen and 
from oxygen formed by decomposition of the peroxide. 
Thus, an alkaline solution of the hydroquinone showed 
considerably less gain in coloration when continuously 
purged with nitrogen. 

As is apparent from the plots in Fig. 3, more 
"color" was generated in the system stabilized with 
NaSDTPA/Mg2+ than in that stabilized with 
silicate/Mg2+. In this respect, the relative effects 
of silicate and Na5DTPA were opposite of those noted 
in the peroxide treatment of methoxy-p-benzoquinone, 
although peroxide consumption in each case was greater 
when the peroxide was stabilized with Na5DTPA/t4g2+. 
Thus, oxidation was seemingly more pronounced in the 
system stabilized with Na5DTPA/Mg2+, with the result 
that methoxy-p-benzoquinone and its colored coupling 

The response of methoxyhydroquinone to increasing 
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204 PER0 AND DENCE 

products were "bleached" to a greater degree than when 
the silicate/Mg2+ combination was used. Conversely, a 
more intensive oxidation of methoxyhydroquinone 
conceivably may have had the negative effect of 
producing a greater amount of methoxy-p-benzoquinone 
and accompanying condensation products unless offset 
by large applications of peroxide. 

The Effect of Reaction PH 
In these tests, the pH was maintained at 10.5 or 

9.5 or allowed to drop from an initial value of 10.5. 
The results obtained when methoxy-p-benzoquinone and 
methoxyhydroquinone were reacted with peroxide 
stabilized with NaSDTPA/Mg2+ are shown in Figs. 4 
and 5, respectively. A beneficial effect of higher pH 
on "color" is seen in the case of the quinone (Fig. 
4), especially at the low end of the peroxide 
application range, whereas an increase in alkalinity 
has an adverse effect when the hydroquinone is 
similarly reacted (Fig. 5). 

The effect of pH on "color" formation and 
elimination was also demonstrated by altering the 
order of reagent addition and the manner in which the 
reactants were mixed, as is illustrated by the bar 
graphs in Fig. 6. In these situations, the mixing of 
quinone and alkali prior to peroxide addition or the 
postponement of mixing until reagent addition was 
completed led to substantially greater solution 
coloration and to higher peroxide residuals. The 
apparent common element in these two situations is 
that, €or all or part of the time, some of the quinone 
was in contact with alkali in the absence or near 
absence of peroxide, with the result that 
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I 

0 . 4  \\ 

Absorbance ofunreocted I mM Solutionof Ouinone - _ _ - _ _ _ - -  - - - - - - - - - - - - - - -  
0. loo 

0 I 2 3 
[H,02]/ [QUINONE] 

L 
0 0  

FIGURE 4. The Effect of Reaction pH on "Color" in 
the Reaction of Methoxy-p-Benzoquinone with 
Alkaline Aydrogen Peroxide ( uinone, 1.0 

addition: stabilizer, H202, OH', quinone. 
mM, 4 Hrs, 4OoC, NasDTPA/Mg+ s 1 Order of 

chromophore-producing reactions took precedence over 
the competing oxidative breakdown (i.e.,,"bleaching") 
of the quinone. 
appeared to be especially sensitive to small 
variations in the reagent addition and mixing 
procedures, as evidenced by their frequently observed 
poor reproducibility. A number of associations can 
be made between the behavior of the quinone and 

The final absorbance readings 
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OH 

6 
17 
C 
'3 

j30 z r 

0 

0 pH 10.5 Maintoned 
0 pH 9.5 Maintained 
A p H I Q 5 - - 8 5  

-lo 4 X 

ci! 

[H~O& [HYDROWINONE] 

F I G U R E  5. The Effect of pH on "Color" in the Reaction 
of Methoxyhydroquinone with Alkaline Hydro- 
gen Peroxide (Hydroquinone 10 mM, 4 Hrs, 
4OoC, Na5DTPA/Mg2+) 

hydroquinone and pulp in a technical peroxide 
bleaching process, and these relationships are 
discussed in considerable depth below. 

The Effect of Transition Metals 
In these experiments, copper and manganese were 

applied as copper (11) and manganese (11) chlorides, 
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FIGURE 6 .  The E f f e c t  of O r d e r  of Reagent  A d d i t i o n  and 
Mixing Mode on P r o d u c t  M i x t u r e  Absorbance 
and Regidual  P e r o x i d e  i n  t h e  R e a c t i o n  of 
Methoxy-p-Benzoquinone w i t h  A l k a l i n e  Hydro- 
gen P e r o x i d e .  

OUINONE H z q  OUINONE HzOz OH' 

whereas  i r o n  w a s  a p p l i e d  b o t h  i n  t h e  form of i ron 
(111) c h l o r i d e  and as g o e t h i t e ,  a w a t e r - i n s o l u b l e  
c r y s t a l l i n e  compound whose s t r u c t u r e  i s  r e p r e s e n t e d  as 
~ l - F e 0 0 H * ~ .  
s i n c e  i t  is  c o n s i d e r e d  to  b e  more r e p r e s e n t a t i v e  of 

T h i s  l a t t e r  form of i r o n  w a s  m a i n l y  used 
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208 PER0 AND DENCE 

TABLE 1 
Effect of Transition Metals on the Decomposition 
of Hydrogen Peroxide in the Presence of Silicate 

and Na5DTPA 
Residual Peroxide, % of Applied 

Metal Na 2SiO 3/Mg2+ Na 5DTPA/Mg2+ 
None 79  82 
Copper (CuC12 ) 56 77 
Manganese (MnC12) 69 78 
Iron (goethite) 79 81 
Iron (FeC13) 81 N.D. 
Reaction conditions: 10 ppm of metal; 3 mM H202; 

4OoC, 4 hrs, pH 10.5 

the state of iron in mechanical pulps 26. 
stability of peroxide in the presence of the various 
metals is indicated by the data in Table 1. These 
data show the general superiority of Na5DTPA over 
silicate with respect to peroxide stabilization under 
the test conditions. 

The 

The effect of the transition metals on "color" in 
the reaction of methoxy-p-benzoquinone with alkaline 
peroxide (pH 10.5) is portrayed graphically in Fig. 7. 
The values plotted in this figure (and in Fig. 8 )  were 
corrected for any absorbance contribution of the metal 
itself. These p l o t s  show that, regardless of the 
peroxide stabilization system used, the addition of 
iron as goethite and manganese had the effect of 
increasing and decreasing, respectively, the "color" 
of the reaction mixture as compared to the situation 
where no transition metals were added. In the 
presence of copper, "color" enhancement resulted only 
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FIGURE 7. The Effect of Transition Metals on the 
"Color" of the Product  Mixtures in the 
Reaction of Alkaline Hydrogen Peroxide with 
Methoxy-p-Benzoquinone (Quinone, 1.0 mM, 
10 ppm of Metal, 4 Hrs, 4OoC, pA 10.5 Main- 
tai ned ) 
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FIGURE 8. The Effect of Transition Metals on the 
"Color" of the Product Mixtures in the 
Reaction of Alkaline Hydrogen Peroxide with 
Methoxyhydroquinone (Hydroquinone, 1.0 mM, 
10 ppm of Metal, 4 Hrs, 4OoC, pH 10.5 Main- 
tained) 
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CHROMOPHORE CHANGES I N  THE BLEACHING OF SOFTWOOD. I1 211 

i n  t h e  case where t h e  r e a c t i o n  w a s  s t a b i l i z e d  w i t h  
s i 1 i ca t  e/Mg2+. 

Also noteworthy i s  t h e  o b s e r v a t i o n  t h a t  
i r r e s p e c t i v e  of t h e  metal added, t h e  a b s o r b a n c e  of  t h e  
r e a c t i o n  m i x t u r e  was c o n s i s t e n t l y  h i g h e r  when t h e  
p e r o x i d e  w a s  s t a b i l i z e d  w i t h  s i l i c a t e / M g 2 +  as compared 
t o  t h e  case when it w a s  s t a b i l i z e d  w i t h  NaSDTPA/Mg2i. 
S i n c e  t h i s  same t r e n d  w a s  s e e n  p r e v i o u s l y  i n  t h e  
a b s e n c e  o f  t r a n s i t i o n  metals ( F i g .  21, any d i f f e r e n c e  
i n  t h e  i n t e r a c t i o n  of  t h e  m e t a l s  w i t h  t h e  
s t a b i l i z a t i o n  sys tems a f f e c t i n g  "color" can  be 
r e g a r d e d  as minor.  Lacking  a n  i n - d e p t h  p r o d u c t  
a n a l y s i s ,  d i f f e r e n c e s  i n  t h e  i n d i v i d u a l  e f f e c t s  of  t h e  
t r a n s i t i o n  metals on "color" are d i f f i c u l t  t o  
i n t e r p r e t  b u t  l o g i c a l l y  c a n  b e  a t t r i b u t e d  t o  complex 
i n t e r a c t i o n s  of t h e  metal, i n  a c h e l a t e d  or u n c h e l a t e d  
form, w i t h  t h e  quinone  and i t s  r e a c t i o n  p r o d u c t s .  

p e r o x i d e  o x i d a t i o n  of  methoxyhydroquinone i s  shown by 
t h e  p l o t s  i n  F i g .  8 .  I n  t h e  p r e s e n c e  of  copper  and 
iron, "color" maxima w e r e  o b s e r v e d  a t  or a b o u t  a 
peroxide /hydroquinone  molar r a t i o  o f  3 i r r e s p e c t i v e  of 
t h e  s t a b i l i z a t i o n  sys tem used.  The p r o f i l e  of  t h e  
absorbance /copper  II p l o t  i n  F i g .  8 w a s  v e r i f i e d  by 
p e r f o r m i n g  t h e  p e r o x i d e  t r e a t m e n t s  a t  addi t ional  
p e r o x i d e  c o n c e n t r a t i o n  l e v e l s .  These maxima p r o b a b l y  
r e p r e s e n t  t h e  f o r m a t i o n  o f  a colored meta l -organic  
complex which w a s  degraded  upon t h e  a d d i t i o n  of 
i n c r e a s i n g  amounts of  p e r o x i d e .  

I n  t h e  s i l i c a t e - s t a b i l i z e d  sys tem and ,  t o  a 
lesser e x t e n t ,  i n  t h e  NagDTPA-stabilized sys tem,  t h e  
enhancement of "color" of t h e  p r o d u c t  mixtures  

The e f f e c t  of t r a n s i t i o n  metals on " c o l o r "  i n  t h e  
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2 12 PER0 AND DENCE 

o b s e r v e d  when t h e  hydroquinone  w a s  reacted w i t h  
p e r o x i d e  i n  t h e  p r e s e n c e  o f  c o p p e r  may b e  related t o  
t h e  f i n d i n g  t h a t  t h e  p e r o x i d e  was t o t a l l y  consumed i n  
each  case and t h a t  t h e  a b i l i t y  of t h e  s t a b i l i z a t i o n  
sys tems ( e s p e c i a l l y  s i l i ca te /Mg2 ' )  t o  control  
m e t a l - c a t a l y z e d  d e c o m p o s i t i o n  o f  t h e  p e r o x i d e  w a s  

m i n i m a l  f o r  c o p p e r .  I r o n  (as  g o e t h i t e )  also caused a 
c o n s i d e r a b l e  enhancement  of  "color" i n  t h e  reactions 
where t h e  p e r o x i d e  was s t a b i l i z e d  w i t h  NaSDTPA.  

o x i d a t i o n  w a s  examined i n  a r u n  i n  which g o e t h i t e  w a s  
added t o  a s y s t e m  s t a b i l i z e d  w i t h  NaSDTPA. As shown 
by t h e  p l o t  i n  F i g .  8 ,  a "color" maximum a p p e a r e d  once  
more a t  a peroxide /hydroquinone  molar r a t i o  o f  
a p p r o x i m a t e l y  3 ,  and t h e  a b s o r b a n c e  r e a d i n g s  were 
s l i g h t l y  d i f f e r e n t  a t  t h e  lower and h i g h e r  p e r o x i d e  
a p p l i c a t i o n  l e v e l s  t h a n  f o r  t h e  case where t h e  pH w a s  
m a i n t a i n e d  a t  1 0 . 5  t h r o u g h o u t  t h e  r e a c t i o n .  

t h e  form o f  FeC13 r a t h e r  t h a n  as g o e t h i t e ,  more 
" c o l o r "  w a s  p roduced  a t  e a c h  l e v e l  o f  p e r o x i d e  
a p p l i c a t i o n  ( F i g .  8 ,  b o t t o m ) .  T h i s  e f f e c t  may b e  
ascribed t o  d i f f e r e n c e s  i n  t h e  s o l u b i l i t y  of t h e  t w o  
compounds i n  t h e  r e a c t i o n  m i x t u r e  and/or t o  
d i f f e r e n c e s  i n  t h e  a v a i l a b i l i t y  i n  e a c h  i n s t a n c e  of 
ferr ic  i o n s  f o r  p a r t i c i p a t i o n  i n  t h o s e  r e a c t i o n s  
r e q u i r i n g  t h e  ionic  form. B a s e d  on t h e  s u p p o s i t i o n  
t h a t  i r o n  is m a i n l y  p r e s e n t  i n  wood or p u l p  i n  t h e  
form o f  a n  o x i d e  s u c h  as g o e t h i t e ,  t h i s  f i n d i n g  
s u g g e s t s  t h a t  i n  terms o f  a c a t a l y t i c  e f f e c t  a t  l eas t ,  
t h i s  metal may be less o f  a problem i n  peroxide 
b l e a c h i n g  t h a n  h i t h e r t o  t h o u g h t .  

The e f f e c t  o f  p e r m i t t i n g  t h e  pH t o  f a l l  d u r i n g  a n  

When i r o n  w a s  added t o  t h e  reaction m i x t u r e  i n  
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CHROMOPHORE CHANGES IN THE BLEACHING OF SOFTWOOD. I1 213 

THE POTENTIAL EFFECT OF p-BENZOQUINONOID AND 

HYDROQUINONOID U N I T S  ON THE OPTICAL PROPERTIES OF 

MECHANICAL PULPS BLEACHED WITH HYDROGEN PEROXIDE 

As pointed out in the introduction, the 
p-quinonoid and hydroquinonoid units initially present 
in the lignin are augmented by the formation of 
additional such units when mechanical pulps are 
bleached with peroxide. These p-quinonoid and 
hydroquinonoid moieties are basically very reactive 
intermediates which, in the presence of alkali and of 
hydrogen peroxide and its decomposition products, 
undergo rapid and extensive transformations to more 
stable structures. As a consequence of their high 
reactivity, quinonoid and hydroquinonoid structures 
are present in the bleach only in low concentrations, 
making their detection and especially their 
measurement very difficult. The contributions of 
p-quinonoid and hydroquinonoid moieties to brightness 
and brightness reversion, therefore, ultimately depend 
to a major extent on the structure and reactivity of 
their reaction products and to what degree they are 
chemically and/or physically attached to the pulp 
fiber, as opposed to becoming solubilized in the 
bleach liquor. 

As can be discerned from the following 
discussion, the behavior of methoxy-p-benzoquinone and 
methoxyhydroquinone toward peroxide is similar in many 
respects to several of the phenomena recognized in the 
technical peroxide bleaching of mechanical pulps, 
providing in some instances a basis for their 
interpretation. First, a similarity can be recognized 
between the difficulty encountered in completely 
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214 PER0 AND DENCE 

d e c o l o r i z i n g  a l k a l i n e  s o l u t i o n s  o f  t h e  quinone  and 
hydroquinone  (o r  more l i k e l y  t h e i r  c o u p l i n g  p r o d u c t s )  
and i n  b l e a c h i n g  m e c h a n i c a l  p u l p s  t o  u l t r a - h i g h  
b r i g h t n e s s  even  w i t h  what  could b e  c o n s i d e r e d  as 
e x c e s s i v e  amounts of p e r o x i d e .  Moreover,  w i t h  
i n c r e a s i n g l y  larger a p p l i c a t i o n s  o f  p e r o x i d e  t o  t h e  
q u i n o n e  and  hydroquinone ,  t h e  c o r r e s p o n d i n g  d e c r e a s e s  
i n  a b s o r b a n c e  o f  "color" became p r o g r e s s i v e l y  smaller, 
t h e r e b y  mimicking t h e  " b r i g h t n e s s  c e i l i n g "  e f fec t  
r o u t i n e l y  o b s e r v e d  when i n c r e a s i n g  amounts of  p e r o x i d e  
are a p p l i e d  t o  m e c h a n i c a l  p u l p s .  

The b e n e f i c i a l  e f f e c t  of i n c r e a s i n g  pH on "color" 
r e d u c t i o n  n o t e d  above  i n  c o n n e c t i o n  w i t h  t h e  p e r o x i d e  
t r e a t m e n t  of  methoxy-p-benzoquinone is c o n s i s t e n t  w i t h  
t h e  g e n e r a l l y  o b s e r v e d  improvement on b l e a c h i n g  
e f f i c i e n c y  s e e n  when t h e  pH is s i m i l a r l y  i n c r e a s e d  i n  
t h e  p e r o x i d e  b l e a c h i n g  of  mechanica l  p u l p .  The 
l e v e l i n g  o f f  o f  b r i g h t n e s s  improvement g e n e r a l l y  found 
as p H  1 2  i s  approached  may b e  a t t r i b u t e d  t o  t h e  
i n c r e a s i n g  c o n t r i b u t i o n  o f  b a s e - c a t a l y z e d  r e a c t i o n s  
r e s u l t i n g  i n  t h e  f o r m a t i o n  of chromophores r e l a t i v e  t o  
t h e  breakdown of chromophores t h r o u g h  t h e  a c t i o n  of 
hydroperoxy a n i o n .  Fur thermore ,  a t  p H  1 2 ,  hydrogen 
p e r o x i d e  i s  e s s e n t i a l l y  a l l  i n  t h e  form of  
h y d r o p e r o x i d e  a n i o n .  

S i m i l a r  t o  t h e  p r e v i o u s l y  d e m o n s t r a t e d  ( F i g s .  2 

and 3 )  adverse e f f e c t s  of  a l k a l i  on t h e  color of 
s o l u t i o n s  of methoxy-p-benzoquinone and 
methoxyhydroquinone,  t h e  e x h a u s t i o n  or n e a r  e x h a u s t i o n  
of p e r o x i d e  under  a l k a l i n e  c o n d i t i o n s  d u r i n g  
m e c h a n i c a l  p u l p  b l e a c h i n g  produces  t h e  n e g a t i v e  effect  
on b r i g h t n e s s  referred t o  a s  "browning." Apar t  from 
a d d i n g  l a r g e r  amounts o f  p e r o x i d e  t o  t h e  b l e a c h ,  o r  
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b l e a c h i n g  t o  a s u f f i c i e n t l y  h i g h  p e r o x i d e  r e s i d u a l ,  
t h e  e f f e c t  o f  "browning" s h o u l d  be minimized by 
i n s u r i n g  t h a t  t h e  p u l p  s l u r r y  i s  a d e q u a t e l y  mixed 
t h r o u g h o u t  t h e  e n t i r e  b l e a c h i n g  period so as t o  avoid 
r e g i o n s  of l o w  p e r o x i d e  c o n c e n t r a t i o n  stemming from 
localized o v e r - r e a c t i o n .  Another  approach  w i t h  a 
p o t e n t i a l  f o r  b r i g h t n e s s  b e n e f i t s  c o n s i s t s  of s t e e p i n g  
t h e  p u l p  w i t h  a p e r o x i d e  s o l u t i o n  i n  t h e  p r e s e n c e  of  a 
s u i t a b l e  s t a b i l i z a t i o n  s y s t e m  and t h e n  " a c t i v a t i n g "  
t h e  p e r o x i d e  by t h e  a d d i t i o n  of  a l k a l i .  I n  t h i s  way, 
t h e  p e r o x i d e  c a n  b e  d i s t r i b u t e d  more e v e n l y  t h r o u g h o u t  
t h e  f i b e r  mass w i t h  t h e  e x p e c t a t i o n  t h a t  o x i d a t i o n  
r e a c t i o n s  w i l l  compete more f a v o r a b l y  w i t h  t h e  e n s u i n g  
a l k a l i - p r o m o t e d  a d v e r s e  r e a c t i o n s .  A p r e l i m i n a r y  
e x p e r i m e n t  a l o n g  t h e s e  l i n e s  h a s  i n d i c a t e d  t h e  
p r o d u c t i o n  of less "color" t h a n  by any  o t h e r  mode of 
mixing ( F i g .  6 ,  l a s t  set of b a r s  on  r i g h t ) .  

e f f e c t  on  b r i g h t n e s s  r e s u l t i n g  from i n c r e a s i n g  t h e  
c o n s i s t e n c y  i n  p e r o x i d e  bleaching2 ' .  
r e a d i l y  e x p l i c a b l e  i n  terms of t h e  c o m p e t i t i o n  between 
peroxide-media ted  d e s t r u c t i o n  and a l k a l i - i n d u c e d  
c r e a t i o n  o f  chromophores .  Regardless of t h e  
c o n s i s t e n c y  employed i n  a p e r o x i d e  b l e a c h ,  t h e  i n i t i a l  
pH does n o t  v a r y  g r e a t l y  ( i .e. ,  t h e  i n i t i a l  OH- 

c o n c e n t r a t i o n  i s  r e l a t i v e l y  c o n s t a n t ) .  The p e r o x i d e  
c o n c e n t r a t i o n ,  on t h e  o t h e r  hand,  i n c r e a s e s  w i t h  
i n c r e a s i n g  c o n s i s t e n c y  of t h e  b l e a c h .  A s  a 
consequence ,  h i g h  c o n s i s t e n c y  s h o u l d  and does i n  fact  
f a v o r  chtomophore d e s t r u c t i o n  over chromophore 
c r e a t i o n .  

C l o s e l y  a l l i e d  t o  t h e  f o r e g o i n g  i s  t h e  b e n e f i c i a l  

T h i s  e f f e c t  is 

The g e n e r a l l y  r e c o g n i z e d  e f f e c t  o f  t r a n s i t i o n  
metal i o n s  on  b r i g h t n e s s  i n  t h e  p e r o x i d e  b l e a c h i n g  o f  
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mechanical pulps has been linked to metal-induced 
decomposition of peroxide28. Thus, irrespective of 
whether silicate/Mg2+ or Na5DTPA/Mg2+ was present, the 
addition of iron (III), manganese (II), and copper 
(11) ions to demineralized stone groundwood had the 
effect of increasing peroxide decomposition and 
decreasing brightness in the order Fe> Mn > Cu. The 
adverse effect of iron on "color" was also apparent in 
the reaction of methoxy-p-benzoquinone with peroxide 
(Fig. 7 )  in the case at hand. Additionally, the 
superiority of the NagDTPA/Mg*+ stabilization system 
over the silicate/Mg2+ combination with respect to 
reduced peroxide consumption and decomposition and to 
improved brightness demonstrated for  the peroxide 
bleaching of groundwood was also duplicated in the 
reaction of methoxy-p-benzoquinone with peroxide in 
terms of reaction l*coLor.'' In the latter situation, 
peroxide decomposition data were not available for 
comparison. 

Contrary to the trends noted above in connection 
with the reactions of groundwood and methoxy-p- 
benzoquinone with peroxide, maximum "color" resulted 
in the reaction of methoxyhydroquinone with peroxide 
in the presence of copper rather than iron, espec- 
ially in the reaction mixture containing silicate. 
Moreover, peroxide was totally consumed at all levels 
of application in contrast to the situations where 
iron and manganese were present. Thus, the behavior 
of methoxyhydroquinone when reacted with peroxide in 
the presence of the three transition metals was 
inconsistent with the response of groundwood to 
peroxide under similar conditions, thereby 
underscoring the need for additional experimentation 
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aimed at defining more exactly and thoroughly the 
roles of transition metal ions in peroxide bleaching, 
especially in the presence of stabilization systems. 

suggest that p-benzoquinonoid units, initially present 
in the liquor or generated during peroxide bleaching 
have a greater impact on brightness than do 
methoxyhydroquinonoid moieties. This supposition is 
also consistent with the generally higher color 
levels associated with the reaction of 
methoxy-p-benzoquinone with peroxide as compared to 
when the hydroquinone was similarly treated. It 
should be emphasized, however, that in suggesting that 
p-benzoquinonoid units are contributory structures 
affecting brightness and brightness stability in 
peroxide bleached mechanical pulps, the intention is 
not to rule out the likelihood of other chromophore 
groups having as great or even greater bearing on 
these properties. 

Collectively, the foregoing observations 

CONCLUSION 

The conclusion to be drawn from the find'ings of 
the present study is that in the competitive 
base-catalyzed condensation and oxidative breakdown 
reactions representing chromophore creation and 
destruction pathways, respectively, the former gives 
evidence of predominating. As applied to the peroxide 
bleaching of mechanical pulps, the intervention of 
chromophore producing reactions in the overriding 
brightening reaction sequences may partially offset 
brightness gain, thereby contributing to the familiar 
"brightness ceiling" effect. Hence, the problem of 
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"brightness ceiling" reduces to one of finding the 
means for promoting "bleaching" reactions while 
simultaneously repressing "reversion" reactions 
without violating the usual technique and economic 
constraints inherent in such an undertaking. 

EXPERIMENTAL 

Methoxyhydroquinone" was converted to 
methoxy-p-benzoquinone by oxidation with sodium 
metaperiodate according to the procedure of Adler and 
Magnusson2' and subsequently purified by vacuum 
sublimation (rap 144O, lit. mp 142-14629). 
(a-FeOOH) was prepared using a modif ication3' of the 
procedure of Atkinson g$ & 

sodium salt, Versenex 8 0 )  was obtained from Dow 
Chemical U. S.A. All other chemicals were obtained 
from Fisher Scientific Company. 

Goethite 

25 . 
Na5DTPA (diethylenetriaminepentaacetic acid penta 

In a typical reaction, deionized distilled water 
was thoroughly sparged with nitrogen and -50 ml 
portions were placed in the requisite number of 100-ml 
volumetric flasks. The flasks were again purged with 
nitrogen, stoppered, and placed in a thermostatted 
water bath maintained at 40 2 0.5OC. 
reached temperature, the stabilizer (NazSiO3 or 
Na5DTPA),MgS04, and a solution of the transition metal 
compound (if required) were added in the order stated. 
The mixture was thoroughly mixed, blanketed with 
nitrogen, and allowed to equilibrate at the bath 
temperature. The required volume of hydrogen peroxide 
was added, and the pH was recorded and adjusted (if 
necessary) to the desired level by the addition of 0.1 

After the flasks 
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N NaOH. F i n a l l y ,  methoxy-p-benzoquinone  o r  
me thoxyhydroqu inone  w a s  added t o  t h e  f l a s k s  as 2 m g / m l  
s o l u t i o n s  t h r o u g h  a b u r e t t e  w h i l e  t h e  c o n t e n t s  were 
b e i n g  s i m u l t a n e o u s l y  mixed by a stream of n i t r o g e n .  
The c o n t e n t s  of t h e  f l a s k s  were d i l u t e d  to  1 0 0  ml w i t h  
d e i o n i z e d  d i s t i l l e d  water and  allowed t o  react f o r  4 

h o u r s .  The i n i t i a l  c o n c e n t r a t i o n s  o f  t h e  r e a g e n t s  
were t h e  f o l l o w i n g  i n  a l l  i n s t a n c e s :  q u i n o n e  o r  
h y d r o q u i n o n e ,  1 . 0  mM; MgsO4, 1 . 2 3  mM; Na5DTPA, 0 .79  

mM; sodium s i l ica te ,  19 .0  mM. 

A t  t h e  end  of t h e  r e a c t i o n ,  t h e  p H  w a s  recorded 
and  t h e  r e a c t i o n  m i x t u r e s  made ac id i c  ( p H  2-3) by t h e  

a d d i t i o n  of 0.1 N ~ 2 S 0 4 .  

ac id i f ied  s o l u t i o n  ( a n d  o c c a s i o n a l l y  t h e  a l k a l i n e  
r e a c t i o n  m i x t u r e )  w a s  measu red  a t  4 5 7  nm i n  a G i l f o r d  

2000 modified Beckman DU s p e c t r o p h o t o m e t e r .  R e s i d u a l  
hydrogen  p e r o x i d e  w a s  d e t e r m i n e d  u s i n g  t h e  
colorimetric method of E i s e n b e r g 3 1  w i t h  t h e  e x c e p t i o n  
t h a t  a 2 %  s o l u t i o n  of t i t a n i u m  o x y s u l f a t e  w a s  u s e d  as 
t h e  color-forming r e a g e n t  and  t h e  absorbance 
c o n t r i b u t i o n s  from o r g a n i c  materials w e r e  corrected 
fo r  i n  a b l a n k .  

The  a b s o r b a n c e  Of t h e  
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