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WHY REDOX PULPING CATALYSTS 
FIT THE SQUARE ROOT RELATIONSHIP 

Die t r i ch  P. Werthemann 
Ciba-Geigy Ltd. 

Basle, Switzerland 

ABSTRACT 

Different mixture r a t e s  of t he  redox pulping add i t ives  an thra-  
quinone with anthraquinone-2-sulfonate, and of benzindazoledione 
with rosindonesulfonate were inves t iga ted .  The experimental r e s u l t s  
showed t h a t  add i t ives  i n  mixtures very  s t rongly  influence each 
o t h e r ' s  e f f icacy .  The d e g e e  of coupling ind ica t e s  t h a t  t h e  square 
root r e l a t ionsh ip  i s  bes t  explained by k i n e t i c s  of the  chemical 
reac t ion  mechanism and not by mass t r a n s f e r  processes.  

INTRODUCTION 

I t  has been shown' t h a t  t h e  e f f i cacy  of a redox c a t a l y s t  l i k e  

anthraquinone i n  a l k a l i n e  pulping i s  proportional t o  t h e  square 

root of i t s  charge. This square root  r e l a t ionsh ip  has been conf i r -  

med 

ves 175-7. So f a r ,  no experimental evidence f o r  t he  explanation of 

the  square root r e l a t i o n s h i p  has been presented. This paper dea l s  

with the  question of whether t he  square root  r e l a t ionsh ip  is due 

t o  mass t r a n s f e r  processes (d i f fus ion ,  adsorption, r a t e  of solu- 

t i o n  e t c . )  or t o  t h e  k i n e t i c s  of t h e  chemical r eac t ions .  Inves t i -  

gations of t he  behaviour of add i t ive  mixtures (two or more) should 

y ie ld  an answer. 

2-4 , and found a l s o  t o  apply t o  nonquinoid pulping a d d i t i -  

169 
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170 WERTHEMANN 

The e f f i cacy  of an add i t ive  be ing  propor t iona l  t o  the  square 

root  of i t s  charge’ means t h a t  t he  e f f e c t  i s  p ropor t iona te ly  grea- 

t e r  at l o w  add i t ive  charges than a t  high. Accordingly f i g u r e  1 

shows t h e  following conceptual experiment: A normalized e f f i cacy  

of un i ty  a t  a charge of 1% i s  assigned t o  an add i t ive  A 

accordance with t h e  square root  r e l a t i o n s h i p  t h i s  addi t ive  w i l l  

show an e f f i cacy  of 0.707 (l/fi) a t  a charge of 0.5%. The second 

add i t ive ,  A2, i s  assumed t o  be a s  e f f i c i e n t  as A 

To provide 1% of a 1:l mixture of A1 and A2 t o  a pulping system, 

0 .5% of each i s  added. If the  two add i t ives  a c t  independently we 

would expect t h e  cont r ibu t ion  of each t o  be 0.707 u n i t s ,  y ie ld ing  

a t o t a l  e f f e c t  of fi. I n  o ther  words: us ing  1% of the  mixture 

would g ive  1 . 4 1  times the  e f f e c t  of a 1% addi t ion  of a pure addi- 

t i v e ,  when each add i t ive  a c t s  f o r  i t s e l f  as i f  alone i n  the  system. 

On the  o the r  hand, i f  t he re  is maximum coupling between the  two 

add i t ives  due t o  complete competition, no excess e f f e c t  i s  t o  be 

expected. P a r t i a l  i n t e rac t ion  of t he  additives w i l l  r e s u l t  i n  sur- 

p lus  e f f i cacy  between zero and 0.41 according t o  t h e  degree of 

coupling (excluding a poss ib le  synergism). 

The o v e r a l l  r a t e  cons tan t ,  k , f o r  soda-additive pulping L 
cons i s t s  of two terms’: one, ks, stands f o r  t h e  soda r eac t ion ,  t he  

o the r ,  p ropor t iona l  t o  the  square root  of t h e  charge,  fo r  t h e  con- 

t r i b u t i o n  of t h e  addi t ive .  

In 1’ 

1’ 

(1) k = k + k fi0 
L s a  

k = over a l l  r a t e  constant f o r  de l ign i -  
f i c a t i o n  

k = r a t e  cons tan t  f o r  soda d e l i g n i f i -  

k = r a t e  cons tan t  of t he  de l ign i f i ca -  

ca t ion  

a 
t i o n  i n  which t h e  add i t ive  p a r t i c i -  
pa tes  

A = charge of add i t ive  A 

Turning now t o  add i t ive  mixtures,  two cases  have t o  be consi- 

dered. 
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172 WERTHEMA” 

Case 1: Assuming t h a t  no coupling e x i s t s  between t h e  d i f f e -  

r e n t  add i t ives ,  equation (1) i s  expanded by an a d d i t i o n a l  square 

roo t  term f o r  each a d d i t i o n a l  c a t a l y s t .  

( 2 )  kL = ks + kal 16-~ + ka2 %2 . . . 
kai /ROi no coupling N 

= k s + ~  
i=1 

i index of ith a d d i t i v e  
N t o t a l  number of add i t ives  i n  t h e  mixture 

Case 2: A m a x i m u m  i n t e r a c t i o n  between t h e  a d d i t i v e s  i n  a mix- 

t u r e  (no surp lus  e f f e c t )  c a l l s  f o r  t h e  expansion of equation (1) t o  

(3) k = k + &:lAol + ki2A02 . .. 
N 

= ks + / Z  kiiAoi 

L s  

maximum coupling 
i=l 

’=he charge of t h e  add i t ive  mixture M i s  
N 

i=l 
( 4 )  M = A ol + Ao2 . .  . = C Aoi 

M = c h a r g e  of mixture 

The weight-fraction ai of t h e  ith add i t ive  i s  def ined  by 

( 5 )  ai = Aoi/Mo 

It follows t h a t  

The e f f i cacy  of an a d d i t i v e  i n  d e l i g n i f i c a t i o n  r e l a t i v e  t o  anthra- 

quinone, may be expressed’ as 

ka 

a , A Q  k k of anthraquinone 

( 7 )  ro = 7 
a ,AQ = a 

As we a n t i c i p a t e  t h a t  a mixture f u l f i l l s  t h e  square r o o t  r e l a t i o n -  

sh ip  j u s t  as we l l  a s  a s i n g l e  add i t ive  ( f o r  experimental  evidence 

see  below) 

( 8 )  k = k  + k d K  L s  0 
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REDOX PULPING CATALYSTS 173 

k f o r  t h e  mixture  kd = a 

we can d e f i n e  t h e  

Using equat ions  (4)-(9) - equat ions  ( 2 )  and ( 3 )  being rear ranged  t o  

y i e l d  t h e  t w o  extreme cases  o f  m a x i m u m  c o u p l i n g  and no i n t e r a c t i o n  

r e s p e c t i v e l y  - t h e  fo l lowing  P -values  f o r  t h e  mixture  a r e  found 
0 

no coupl ing:  
N 

(10) i- = r Jzl+ ro2 5 .... = I: r . a .  
0 01 i=l 01 1 

and maximum coupling: 

F = r  -value of mixture  determined a s  
0 0  

descr ibed i n  r e f .  1 

Equations (10) and (11) p r e d i c t  t h e  e f f i c a c y  of a mixture by t h e  

f r a c t i o n s  a. and t h e  r -values of t h e  components. In o ther  words, 

measuring t h e  F -values of d i f f e r e n t  mixtures ,  where t h e  f r a c t i o n s  

a .  of t h e  ind iv idua l  addi t ives  A .  with a known r .-value a r e  v a r i e d ,  

enables us  t o  determine t h e  degree of coupling between t h e  a d d i t i -  

ves .  In  t h e  fol lowing,  only mixtures of two addi t ives  a r e  conside- 

red.  Figure 2 i l l u s t r a t e s  t h e  square of t h e  two funct ions (10) and 

(11) f o r  a hypothe t ica l  case.  

The funct ion corresponding t o  a m a x i m  coupl ing i s  a s t r a i g h t  l i n e .  

Actual ?='-values a r e  expected t o  l i e  somewhere between t h e  two li- 

mits  according t o  t h e  degree of coupling. 

01 

RESULTS AND DISCUSSIONS 

A series of mixtures  of anthraquinone (AQ) wi th  anthraquinone-  

2-su l fona te  (AMS) was prepared and t h e  a c c e l e r a t i n g  e f f i c i e n c y  of 

each mixture  was determined i n  a set  of  soda cooks of  Norway spruce  

(Table  1). The high c o r r e l a t i o n  c o ' e f f i c i e n t s  ob ta ined  from t h e  
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0 0,2 0.4 0,s 0,e 1,O 

l#o 0,e 0.6 0.4 0,2 0 

FIGURE 2: Graphical representation of equations (10) and 
a hypothetical  case 

(11) fo r  

TABLE 1 

Results of Mixtures with Anthraquinone ( AQ) and Anthraquinone-2- 
Sulfonate (AMS) : 

I I 

r a t i o  AQ : AMS 

0 : l  
0.1 : 0.9 
0.2 : 0.8 
0.3 : 0.7 
0.4 : 0.6 
0.5 : 0.5 
0.6 : 0.4 
0.7 : 0.3 

0.9 : 0.1 
l : o  

0.8 : 0.2  

- a )  r 

0.37 
0.47 
0.54 
0.64 
0.68 
0.76 
0.86 
0.90 

0.98 
1 . 0  a )  

0.95 

SE b ,  

0.03 
0.02 
0.05 
0.05 
0.05 
0.06 
0.06 
0.10 
0.12 
0.08 

C )  ,or .  coef - 
0.999 
0.938 
0.989 
0 - 998 
0.997 
0 * 999 
0.985 
0.995 
0.968 
0.991 

a )  determined as  described i n  ref. 1; b)  SE = Standard deviation 
(including s c a t t e r  of AQ-control experiment1) ; c )  correlat ion co- 
e f f i c i e n t  a s  R2 of the square root  re la t ionship;  d )  by de f in i t i on  
( see  r e f .  1) 
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REDOX PULPING CATALYSTS 175 

p l o t s  of l / l i g n i n  ( l i g n i n  content as hypochlorite number) versus 

square r o o t  of add i t ive  ind ica t e  t h a t  t h e  square root r e l a t ionsh ip  

i s  f u l f i l l e d  f o r  these  mixtures of add i t ives ,  t hus  confirming t h e  

v a l i d i t y  of equations ( 8 )  and ( 9 ) .  

In f igu re  3 the  F2-values of t he  mixtures are plo t ted  ver- 

sus the  f r a c t i o n  a .  of t he  components. The s o l i d  l i n e s  correspond 

t o  the  ?=‘-values ca lcu la ted  by in se r t ing  r_-values of t he  pure com- 

ponents as well  as the  a -values i n t o  equation ( 1 0 )  (curved l i n e )  

o r  equation (11) ( s t r a i g h t  l i n e ) .  
i 

Figure 3 shows t h a t  t h e  experimental Fi-values of anthra- 

quinone/anthraquinone-2-sulfonate mixtures nea t ly  f i t  equation 

(11). A l l  po in ts  d i f f e r  s i g n i f i c a n t l y  from t h e  t h e o r e t i c a l  curve 

which corresponds t o  equation ( 1 0 ) .  This means t h a t  t he  two addi- 

t i v e s  do not ac t  independently. The po in t s  on t h e  l e f t  s ide  of 

t h e  f i g u r e  - where t h e  standard devia t ions  a r e  lower - show maxi- 

mum coupling between t h e  two add i t ives .  

1 qS 0,s 0,4 42 0 A M S  

-2 T~ -values a r e  p lo t t ed  aga ins t  weight-fractions ( a i )  FIGURE 3: 
of anthraqulnone (A&) and anthraquinone-2-sulfonate ( A M S )  when 
mixtures of t he  two c a t a l y s t s  were used t o  pulp  Norway spruce 
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176 WERTHEMA" 

ratio [RosISo- : Bz 3 

l : o  
0.8 : 0.2 
0.6 : 014 
0.5 : 0 . 5  

0.2 : 0.8 
0.4 : 0.6 

0 : l  

TABLE 2 

Results of Mixtures with Benzindazoledione (Bz) and Rosindonesul- 

0.53 
0.47 
0.54 
0.56 

0.56 
0.57 

0.57 

- 

SE - 
0.06 

0.06 

0.04 
0.04 

0.04 
0.03 
0.04 

- 

SE 

0.13 
0.19 

0.13 
0.14 
0.35 
0.14 

- 

0.68 

cor. 
coeff. 

0 * 997 
0.987 
0.974 
0.988 
0.996 
0.988 
0 * 999 

To rule out the possibility of the strong coupling between 
AQ and AMS resulting only from the fact that AQ and AMS are very 

similar in their chemical structure, mixtures of two additives of 

markedly different structures, namely benzindazoledione, Bz, and 

rosindonesulfonate, [Ros]SO- were studied. 3' 

Benzindazoledione Rosindonesulfonate 
(Bz) [Ros]S03 

The efficacies of benzindazoledione8 and of rosindonesulfo- 

nate5 have previously been described. 

Since Bz and [RosISO have similar r -values, the surplus 3 
effect achieved by mixing them should be very pronounced (curved 

line in figure 4). This means that the resolution between the two 

extreme cases described by equations (10) and (11) is larger for a 

Bz/ [RoslSO-mixture than for a AQ/AMS-mixture and therefore allows 
3 
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REDOX PULPING CATALYSTS 177 

a b e t t e r  assignment of t h e  experimental r e s u l t s  t o  one or t h e  
c 

other  model. Again t h e  experimental 7 '-values show m a x i m u m  coup- 

l i n g  between Bz and [RosISO- when used i n  a mixture ( f igu re  4). 

Figure 5 ind ica t e s  t h a t ,  desp i t e  t h e  l a rge  standard devia- 

0 

3 

t i o n s  observed f o r  t h e  7 -values, t he  e f f i c a c i e s  of t he  two addi- 

t i v e s  on carbohydrate s t a b i l i z a t i o n  ( v  -values ) a r e  a l s o  s t rongly  

coupled . 
1 

If the  square roo t  r e l a t ionsh ip  r e s u l t s  from a mass t r a n s f e r  

process,  we have t o  th ink  of one which allows f o r  a maximum coup- 

l i n g  of two add i t ives  ac t ing  simultaneously i n  t h e  system. 

Bz and [RosISO- a r e  so luble  i n  a lka l ine  pulping l i quor  (25  mg 3 
i n  2 ml 1N N a O H  a re  completely dissolved a t  2 .80 '~ ) .  Since t h e  two 

add i t ives  follow t h e  square root  r e l a t ionsh ip ,  t h e  r a t e  of  solu- 

t i o n  a s  well  as  o ther  phenomena r e l a t ed  t o  the  s o l u b i l i t y  must be 

excluded a s  a poss ib le  reason f o r  the  square roo t  r e l a t ionsh ip .  

- 
2 r0 

.0.6 

,025 

,0.4 

,0.3 

0.2 

0.1 

3 Ez. 
1.0 0.B 0.6 0.4 0.2 0 [Ros]SO; 

FIGURE 4: 
of benzindazoledione ( B z )  and rosindone su l fona te  ( [Ros]S03-) 
when mixtures of t h e  two c a t a l y s t s  were used to pulp Norway spruce 

2 - v a l u e s  a re  p l o t t e d  aga ins t  weight-fractions (a;) 
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178 WERTHEMA" 

- 
.!I," 

.1.2 

.1.0 

ae 

0.6 

0.4 

0.2 

I el. 
1 
0 0.2 p4 0.6 aa 

0.8 0.6 0.4 a2 0 [Roa]Sp; 

-2 vo -values a re  p l o t t e d  aga ins t  weight-fractions ( a i )  FIGURE 5 :  
of benzindazoledione (Bz) and rosindone su l fona te  ( [Ros]S03-) 
when mixtures of t he  two c a t a l y s t s  were used t o  pulp Norway spruce 

The d r iv ing  fo rce  f o r  d i f fus ion  i s  t h e  concentration gradien t  

(1st F ick ' s  law). In  t h e  course of work a l s o  covering competit ive 

sorp t ion  processes ,  O t t  and Rys9 formulated a sorp t ion-d i f fus ion  

model f o r  heterogeneous systems. The inf luence  of one adsorbed 

species on t h e  o ther  is not due t o  d i f f u s i o n  but  t o  so rp t ion ,  as 

described by the  Langmuir isotherm: 

A. 
( 1 2 )  K .  = J w  

J A (S-CA. j X  L W )  

K. 
J 

equilibrium cons tan t  f o r  jth add i t ive  
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REDOX PULPING CATALYSTS 179 

A .  

A 

S 

concentration i n  t h e  wood o f  jth addi t ive  

concentration i n  t h e  l i quor  of jth add i t ive  

sa tu ra t ion  (maximum poss ib le  add i t ive  con- 
cen t r a t ion  i n  t h e  wood dependent on t h e  
number of ava i l ab le  s i t e s )  

J W 

j X  

Rearranging equation (12) y i e lds  

K .  S A .  
J J h  

J W  1 + CK.A.  
(13) A. = 

i 1 IX 

I f  t he  sum i n  the  denominator of equation (13) i s  very s m a l l  

compared t o  1 (low add i t ive  concent ra t ions)  then 

which means t h a t  A .  

t h e  system. Maximum coupling between add i t ives  would only be rea- 

ched at sa tu ra t ion  of t he  f i b r e .  In o ther  words, t he  degree of 

coupling would depend on t h e  concentration, and must lead t o  a 

breakdown of t h e  square root  r e l a t i o n s h i p  f o r  add i t ive  mixtures.  

Furthermore, t h e  influence of t h e  l iquor to-woodra t io  on t h e  e f f i -  

cacy of an add i t ive  shows t h a t  t h e  sorp t ion  equilibrium i s  of a 

Nernst-type, r a t h e r  than of a Langmuir-type''. The s t rong  coupling 

observed here cannot t he re fo re  o r ig ina t e  from sorp t ion  processes.  

Other inves t iga t ions1lYl2  have shown, e spec ia l ly  f o r  swelling 

f i b r e s ,  t h a t  t h e  apparent d i f fus ion  c o e f f i c i e n t  may increase  by 

competition due t o  increased poros i ty .  This ,  however, would r e s u l t  

i n  a higher surp lus  e f f icacy .  Therefore it can be concluded t h a t  

t h e  s t rong  coupling of t he  add i t ives  cannot be a t t r i b u t e d  t o  

mass t r a n s f e r  processes.  

i s  not influenced by the  o the r  a d d i t i v e ( s )  i n  
J W 

If mass t r a n s f e r  processes were respons ib le  f o r  t h e  

square root  r e l a t ionsh ip  then  t h e  concentration of an add i t ive  

i n  t h e  wood A would be 
W 

( 1 5 )  A, = m 5  

where m represents  a p ropor t iona l i t y  f a c t o r .  A succeeding bimole- 
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180 WERTHEMANN 

cular  degradation r eac t ion  of l i g n i n  with A 

a t t a c k )  would y i e l d  a square root  r e l a t ionsh ip .  However, when two 

d i f f e r e n t  add i t ives  a r e  present  i n  t h e  system of which each inde- 

pendently (no coupling of mass t r a n s f e r )  f u l f i l l s  equation (151, 

then t h e  t o t a l  add i t ive  concentration i n  t h e  wood AwYtot would be 

( e .g .  nucleophilic 
W 

= ml JAol+ m2 JAo2 (16) Aw , t o t  

Equation (16) toge ther  with the  assumption t h a t  t h e  succeeding 

chemical r eac t ion  i s  a bimolecular type  l eads  t o  an o v e r a l l  r a t e  

constant a s  described by equation ( 2 )  which i s  t h e  basis of equa- 

t i o n  ( 1 0 ) .  This ,  however, i s  not compatible with t h e  experimental 

r e s u l t s  of t h i s  paper. In  add i t ion ,  t h e  v a l i d i t y  of equation (15) 

would be cont ra ry  t o  t h e  conclusion of a previous paper'', namely 

t h a t  t he  p a r t i t i o n  of an add i t ive  between t h e  l i quor  and t h e  wood 

is of a Nernst type .  Therefore we conclude t h a t  t h e  square roo t  

r e l a t ionsh ip  i s  bes t  explained by the  k i n e t i c s  of a chemical re -  

ac t ion  and not by mass t r a n s f e r  processes.  A recent  paper by Obst 

and Sanyer13 who inves t iga ted  t h e  guaiacol y i e l d ,  Y ,  of  a model 

l i g n i n  r eac t ion  as a func t ion  of AQ dose ( see  f i g u r e  4 i n  r e f .  13) 

supports t h i s  statement. Replo t t ing  t h e i r  d a t a  and t ak ing  i n t o  

account t h a t  they  worked under pseudo f i r s t  order conditions (ex- 

cess  a l k a l i )  shows t h a t  even f o r  experiments on model l i g n i n s  per- 

formed i n  a homogeneous system (no mass t r a n s f e r  process)  t h e  

square roo t  r e l a t i o n s h i p  holds su rp r i s ing ly  we l l  ( f i g u r e  6 ) .  
Yaguchi's r e s u l t s  ( s e e  f i w r e  1 i n  r e f .  14) give  a similar p l o t .  

An explanation f o r  t h e  square root  r e l a t i o n s h i p  by t h e  k i n e t i c s  of 
I 

a chemical r eac t ion  w a s  given i n  a previous paper . The oxidation 

of hydroquinone t o  anthraquinone s e t s  f r e e  two e l ec t rons .  I f  t h e  

d e l i g n i f i c a t i o n  s t e p  i n  which t h e  reduced c a t a l y s t  is involved 

requi res  only one e l ec t ron  then ,  on t h e  b a s i s  of stoichiometry,  

one mole of reduced c a t a l y s t  degrades two moles of l i g n i n  l inka-  

ges .  Such a r eac t ion  may be formulated with t h e  he lp  of t h e  semi- 

quinone AQH' as follows: 
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REDOX PULPING CATALYSTS 181 

L + Am2 kl 

L + AQH. &-product + AQ 

,Am' + product 

k 

( 1 7 )  2L f AQH2- 2 products f AQ 

I f  k > >  k (assuming t h a t  t h e  semiquinone i s  highly reac t ive)  
2 1 

then the  f a c t o r  of two i n  equation (17) l eads  consequently t o  a 

square root  re la t ionship .  ESR experiments by Canadian workers 

show t h a t  under pulping condi t ions  semiquinones a re  present a t  a 

low concentration. A k i n e t i c  expansion of equation (17) f o r  an 

add i t ive  mixture leads t o  an equation of t h e  type as given by 

equation (11) and would agree with t h e  experimental r e s u l t s  of 

t h i s  paper. 

1 5 ~ 6  

We s h a l l  not give a more d e t a i l e d  chemical reac t ion  mechanism 

he re ,  but only an e lec t ron  balance f o r  t h e  r eac t ion .  None of t he  

de t a i l ed  anthraquinone mechanisms proposed so f a r  i s  cons i s t en t  

A 

-"'1 
I * 

o.' 2s 3*o F 0.5 1.0 1.5 

FIGURE 6: lSt order dependence of gua iacol  y i e ld ,  Y ,  versus 
square root  of addi t ive  dose. Replotted da t a  taken from r e f .  13, 
f i g u r e  4 
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182 WERTHEMANN 

w i t h  t h i s  e l e c t r o n  ba lance  requirement  and so none i s  a b l e  t o  

o f f e r  t h e  necessary  explana t ion  o f  t h e  square  r o o t  r e l a t i o n s h i p  by 

chemical  k i n e t i c s .  F u r t h e r  i n v e s t i g a t i o n s  are needed t o  c l a r i f y  

t h i s  discrepancy.  

CONCLUSIONS 

It has  been shown t h a t ,  when a m i x t u r e  of  redox p u l p i n g  c a t a -  

l y s t s  i s  used ,  t h e  i n t e r a c t i o n  of t h e  c a t a l y s t s  i s  v e r y  s t r o n g .  

The degree  of  coupl ing i n d i c a t e s  t h a t  t h e  square  r o o t  r e l a t i o n s h i p  

i s  b e s t  expla ined  i n  terms of  t h e  chemical  r e a c t i o n  k i n e t i c s .  Mass 

t r a n s f e r  processes  can be r u l e d  out  as r e s p o n s i b l e  for  t h e  square  

r o o t  r e l a t i o n s h i p .  

EXPERIMENTAL 

C a r e f u l l y  homogenized handmade c h i p s  o f  Scandinavian spruce  

( P i c e a  a b i e s )  were used. The pulp ing  c o n d i t i o n s  were: Liquor  t o  

wood r a t io  4:1, a l k a l i n i t y ,  1.11 mol/L NaOH; t i m e  t o  1 7 3 O C ,  

93 min. ,  t i m e  a t  173OC, 120 min. Procedure and d e t e r m i n a t i o n  of  

r- and v-values were t h e  same as d e s c r i b e d  ear l ie r ' .  
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